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Abstract 
 
Cooling towers are used to reject heat to the surrounding air in power plants. In thermal 
power plants the hot temperature of the cycle reaches up to 600-700 oC. As power plant 
thermal efficiency is limited by the Carnot efficiency (1-Tc/Th), it is important to minimize the 
heat rejection temperature (Tc) to increase total efficiency. When water is available, wet 
cooling towers are a good solution. However due to water scarcity and reduced energy 
consumption during their lifetime, dry cooling towers are becoming the preferred alternative. 
In dry cooling towers, air is either pushed through the heat exchangers using fans or using 
the chimney effect. Dry cooling relies on air-dry bulb temperature, which can affect power 
generation during hot summer days. The efficiency losses during hot days (high Tc) can be 
mitigated by spray cooling the inlet air. This reduces the air temperature to the wet-bulb 
temperature, thereby increasing the dry cooling tower efficiency significantly. 
Industry currently uses fresh water for hybrid cooling, which is expensive and can lead to 
environmental issues. An alternative is to use saline water or water containing dissolved 
solids that is created as an industrial by-product. This work focuses on coal seam gas (CSG) 
water that is produced during the production of natural gas from coal-bed methane and is 
readily available in arid regions of Queensland.  
To investigate saline water spray this project is divided into three parts: analysis of single 
droplet evaporation, investigation of saline water spraying, and performance evaluation 
between saline water and pure water sprays. 
To investigate the evaporation from single droplets, an improved four-stage model is 
presented. This captures the size, temperature, and evaporation rate of solid containing 
droplets more accurately than those in literature. This new model includes an additional 
stage that models the transient formation of the crust which starts from the bottom until the 
entire droplet is enclosed. Based on the wide-ranged experimental tests in this study, a 
comparison of evaporation potential (ability to absorb energy) of pure and saline droplets 
was performed. This showed that saline droplet consume less energy per unit mass (7.3% 
for 3% salinity) due to a portion of the weight being occupied by dissolved solids. 
After understanding the evaporation process of a single saline water droplet, a lower order 
numerical model to simulate saline droplets in a spray was developed. This model uses a 
standard multicomponent droplet model, which is fine tuned using data obtained from 
observing NaCl crystals using scanning electron microscope, to set correct evaporation 
properties and to create the correct solid particles. The resulting modelling framework was 
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used to analyse the effect of saline water on spray cooling. The sensitivity study showed 
that initial droplets size and water mass flow rate have the largest impact on the minimum 
distance between nozzle and heat exchangers (wet length) and cooling efficiency. The wet 
length ranged between 4.3 m and 5.25 m. By performing a non-dimensional analysis, two 
dimensionless correlations for wet length and cooling efficiency were created. A laboratory 
test was performed to partially validate the new numerical model for saline water spraying. 
Finally to explore differences between pure and saline water in cooling towers, sprays in a 
cooling tower representative geometry are explored. It is shown that in an upwards flow with 
a nozzle spraying in the co-flow direction, close to the nozzle more cooling is achieved by 
saline water (8% improve in cooling efficiency compared to pure water). The principle behind 
this is explained. In addition, wet length for saline water spray is up to 30% shorter than that 
of pure water spray. Moreover, it was shown that an efficient nozzle arrangement achieves 
2.91% higher cooling efficiency. 
This thesis has developed an improved understanding of the fundamentals of saline water 
droplet evaporation and new insight in to saline water spray cooling for spray assisted 
natural draft cooling towers. The work shows that in addition to pure water preservation and 
cost savings (water purification costs), the use of saline water can also lead to improved 
cooling efficiency and size reduction of cooling towers. 
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Nomenclature 
A surface area (m2) 
B Spalding number 
C solute weight fraction 
c concentration / vapour concentration (kg /m3) 
cp specific heat (J/kgK) 
C1,2 empirical coefficient 
d diameter (m) 
D diffusion coefficient (m2/s) 
e vapour pressure (Pa) 
f wind factor 
h heat transfer coefficient (W/m2K) 
hD mass transfer coefficient (m/s) 
hfg specific heat of evaporation (J/kg) 
K constant value 
Kn Knudsen number 
k thermal conductivity (W/mK) 
L length (m) 
m mass (kg) 
ሶ݉  mass transfer rate (kg/s) 
M molecular weight (kg/mol) 
Nu Nusselt number 
P, p pressure (Pa) / circumference (m) 
Pr Prandtl number 
r radial space coordinate (m) 
R radius (m) 
ज universal gas constant (J/molK) 
Re Reynolds number 
RH relative humidity 
Q integral mass flux of vapour (kg/s) 
q heat flux (J.m2) 
Sc Schmidt number 
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Sh Sherwood number 
t time (s) 
T temperature (T) 
u, V velocity (m/s) 
w mass fraction 
X moisture content 
Greek letters  
α thermal diffusivity (m2/s) / constant value 
β empirical power coefficient / constant value 
δ thickness of boundary layer (m) / volume fraction 
ε crust porosity 
γ surface tension (N/m3) 
θ angular space coordinate / time (s) 
μ dynamic viscosity (kg/ms) 
ν Poisson’s ratio / velocity (m/s) 
ρ density (kg/m3) 
ߣ௩ molecular mean free path (m) 
Subscripts  
a air 
av average 
cr critical 
d droplet 
f fluid / filament 
g gas 
i interface 
l liquid 
p particle 
r radial space coordinate 
S surface 
v vapour 
w water 
wc wet-core 
0 Initial condition 
∞ free stream 
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CHAPTER 1: Introduction 
1.1.  Motivation 
The overarching aim of this research is to investigate the complex process of air precooling 
by spraying saline water, instead of fresh water, into the air stream of a dry cooling tower. 
Cooling towers are used to reject heat to the ambient air in power plants. Traditionally 
condensers use water in once-through systems or evaporative (wet) cooling towers. Both 
are associated with significant environmental concerns. For instance, cooling water in a 
once-through power plant kills billions of fish and affecting aquatic due to an increase of 
water temperature (Fleischli & Hayat, 2014). Hence, dry cooling has been proposed, and 
air-cooled condensers are installed as alternatives. In such systems, air is either pushed 
through the heat exchangers mechanically (using fans) or naturally (using chimney effect in 
a tall cooling tower). In either case, the air has to remove heat from the working fluid (which 
is condensing steam in most cases) in the power cycle. While attractive, dry cooling is reliant 
on air-dry bulb temperature, which can be very high over certain periods of summer. This 
adversely affects the electricity generation. For instance, production capacity of power plants 
drops by about 50% on hot days (Andrea Ashwood & Desikan Bharathan, 2011). To improve 
the efficiency of dry cooling, hybrid methods are suggested. These methods use water 
evaporation to cool the air on hot summer days while the condenser will operate in the dry 
mode for the rest of the year. Efficient evaporative cooling systems have 75% saturation, 
which leads to dry bulb temperature reduction (Andrea Ashwood & Desikan Bharathan, 
2011). The reduced cooling air temperature leads to substantially higher thermodynamic 
(power conversion) efficiencies (Zou, Guan, & Gurgenci, 2013). This translates into more 
electricity generation. In arid areas this can lead to cooling air temperature reductions of up 
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to 15 K (Kelvin), and power generation improvements up to 9% (Andrea Ashwood & Desikan 
Bharathan, 2011). 
Among hybrid methods, spray cooling shows a significant improvement in heat removal 
efficiency while remaining cost effective (Kröger, 2004). In liquid spray cooling systems, as 
illustrated in Figure 1, air inlet temperature is decreased (because of water droplet 
evaporation in the air stream) to near the air wet bulb temperature.  
 
Figure 1: Schematic description of spray cooling in an air-cooled condenser (natural draft cooling tower) 
 
Industry has been using fresh and purified water for hybrid cooling so far to minimize the 
risk of corrosion (T. S. Rao, Sairam, Viswanathan, & Nair, 2000), which is very expensive 
and hardly sustainable, especially in arid areas where fresh water is sparse. However, many 
arid regions have sources of non-freshwater either from natural sources or as an industrial 
by-product. For example in regional Australia, Coal Seam Gas (CSG) water seems to lend 
itself nicely to the problem considered here. CSG water is produced during the production 
of natural gas from coal-bed methane, and can be used instead of fresh water for precooling 
air-cooled condensers.  
This project is novel because saline water is suggested as an alternative to fresh water for 
spray-assisted dry cooling systems, and our numerical and experimental results showed 
better cooling performance when saline water is used instead of pure water. 
1.2.  Background & Literature 
Improving the efficiency of dry cooling towers has always been a challenge for designers. 
To enhance the performance of dry cooling towers, hybrid evaporative precooling methods 
are suggested to decrease inlet air temperature. A temperature decrease of approximately 
5 oK to 8 oK is achievable (Andrea Ashwood & Desikan Bharathan, 2011). Two hybrid 
methods are available in dry cooling systems: evaporative spray cooling of the inlet air, and 
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using water deluge to cool the air (Andrea Ashwood & D. Bharathan, 2011). Spray assisted 
dry cooling towers are more efficient and cost effective in arid areas as they do not require 
a large volume of water. Water evaporation rate of evaporative cooling and water deluge 
systems are approximately 75% and 5% approximately, while they have similar installation 
cost for a uniform nozzle arrangement to achieve uniform sprayed water flow.  
In water deluge method lack of attention might cause a considerable cost due to corrosion 
of metal surfaces because of direct contact of water and heat exchangers (Figure 2) with 
liquid spray cooling systems, decreased cooling tower inlet air temperature leads to higher 
thermodynamic efficiencies. Here, the spray removes heat from the air approaching the heat 
exchangers inside the tower. As a result, the cold temperature side of the thermodynamic 
cycle is reduced. This reduction in temperature at which heat is rejected, increases overall 
thermodynamic efficiency (Andrea Ashwood & Desikan Bharathan, 2011). For example, 5 
oC decrease in cooling air temperature for a gas fuelled power plant with boiler outlet 
temperature of 550 oC results in 0.6% improvement in total efficiency. 
 
Figure 2: Schematic of water deluge system (Kutscher & Costenaro, 2002) 
 
Applying spray cooling in dry areas, however, faces an obvious challenge of fresh water 
scarcity. As an alternative, saline water is available for spray-assisted dry cooling towers 
(hybrid). For example, in arid areas in Queensland, Australia a large volume of water is 
produced in the production of natural gas from coal-bed methane as CSG water. Methane 
desorbs from coal if pressure is decreased in a underground reservoir by water pumping 
(Rice & Nuccio, 2000). Therefore, this water is available as a valuable source for spray 
cooling systems. There are, nonetheless, some dissolved and insoluble materials in this 
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water. Kinnon et al. showed that NaCl is the main salt in the saline water from coal-bed 
methane production (Kinnon, Golding, Boreham, Baublys, & Esterle, 2010). NaCl 
constitutes about 84% (mass based) of the total dissolved salt in Bowen Basin in 
Queensland (Kinnon et al., 2010). The average concentration of salt in water is 
approximately 3% by mass (Kinnon et al., 2010). Due to the similarities between the physical 
properties of NaCl and the other dissolved salts, NaCl may be considered as the main 
dissolved salt in saline water. A side effect of using saline water is that the heat exchangers 
and other metallic structures are exposed to corrosion and solid particle (salt) deposition. 
Chloride ions in the water increases the rate of corrosion of heat exchanger surfaces 
(Bahadori, Clark, & Boyd, 2013). Therefore, contact of liquid and heat exchanger surfaces 
should be avoided in a hybrid cooling tower. In other words, evaporation of droplets should 
be completed before they reach the heat exchanger surfaces. 
1.2.1. The Droplet evaporation process 
To study saline water spray cooling, first the evaporation process from solid-containing 
droplet should be investigated. Researchers have suggested two (Abuaf & Staub, 1985; 
Elperin & Krasovitov, 1995) and three-stage models (Dalmaz, Ozbelge, Eraslan, & Uludag, 
2007; Farid, 2003; Mezhericher, Levy, & Borde, 2007; Nešić & Vodnik, 1991).  
According to two-stage models, during the first stage of evaporation the main component of 
a droplet is assumed to be water. The second stage begins when the solid content fraction 
of the droplet increases, due to water evaporation, and goes beyond a critical concentration 
value (Abuaf & Staub, 1985). Applying a two-stage model, Abuaf and Staub simulated the 
latter stage by assuming the droplet as a porous solid crust around a wet core at the centre 
(Abuaf & Staub, 1985). Elperin and Krasovitov assumed quasi-steady evaporation, and 
showed that the evaporating rate highly depends on the permeability of the formed porous 
crust (Elperin & Krasovitov, 1995). 
On top of two-stage models, some researchers showed that three different stages occur 
during evaporation of a solution droplet (Dalmaz et al., 2007; Elperin & Krasovitov, 1995; 
Mezhericher et al., 2007; Mezhericher, Levy, & Borde, 2008). According to these authors, 
the first stage of the previous model is divided into two stages including: temperature 
adjustment stage and constant-temperature evaporation stage.  
Three-stage model assumes that firstly the temperature in a droplet is adjusted to wet-bulb 
temperature (Figure 3). Next, isothermal evaporation takes place while the droplet 
temperature remains constant around the wet-bulb temperature. Then, a sharp rise occurs 
in the droplet temperature to reach the ambient air temperature. The time taken for the onset 
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of crust formation is modelled using the d2 law (Nešić & Vodnik, 1991), where d is the 
diameter of droplet. A mathematical model was presented by Farid (Farid, 2003) to predict 
the change of mass and temperature of a single milk droplet in contact with hot air in a spray 
drying. A constant evaporation rate was assumed during the first stage of the process. This 
period is very short, which is related to the physical properties of droplets (Farid, 2003).  
Another variant of the three-stage model was developed by Dalmaz et al. (Dalmaz et al., 
2007). He assumed that there is a pure water layer around a spherical mixture of water and 
solid particles. This water layer is evaporated during the first stage until the very first solid 
particles come in contact with the surrounding air. The second stage begins at this point and 
evaporation continues by diffusion of vapour through a porous layer.  
Another way to treat the final stage of the three-stage model was created by Mezhericher et 
al. (Mezhericher et al., 2007). He solved the governing equations for the third stages of 
evaporation to find droplet temperature and mass, by treating the porous crust as Stefan’s 
tubes. According to those authors (Mezhericher et al., 2007), during the third stage of 
evaporation the outer diameter of the droplet remains constant whilst the particle wet core 
shrinks. Also available in their report, is a review of theoretical models to study the 
evaporation of single solid-containing droplets (Mezhericher, Levy, & Borde, 2010). 
 
 
Figure 3: Four-stage and three-stage models 
 
It is known that after the isothermal evaporation stage, first solid particles form at the bottom 
of the droplet (Charlesworth & Marshall, 1960). As the evaporation continues, the solid 
crystals form around the droplet circumferential area. This is followed by phase change at 
the upper half of the droplet. It was reported that evaporation from the upper half of the 
29 
 
droplet is faster compared to that from the lower half (Charlesworth & Marshall, 1960). 
Nevertheless, this fact has not been considered in mathematical modelling of the previous 
works. 
Summarising the previous works, the evaporation of droplets can be described as follows: 
1. The droplet is warmed/cooled to be close to ambient wet-bulb temperature, 
2. Evaporation takes place during an isothermal phase, 
3. First particles form at the bottom of the droplet (Charlesworth & Marshall, 1960) and 
grow to cover the upper part, 
4. The remaining water is evaporated. Once dry, the remaining crust heats up to the dry 
bulb temperature.  
Handscomb and Kraft described a generalized model with different possible sub-models for 
evolution of the droplets following shell formation, which includes slow boiling after dry shell 
formation (Handscomb & Kraft, 2010; Handscomb, Kraft, & Bayly, 2009). They 
demonstrated that morphology of droplet plays a key role in the droplet evolution after shell 
formation. Under certain circumstances, a further isothermal stage may exist after shell 
formation (Handscomb et al., 2009). 
Recent experimental studies on a single droplet have been performed using thin filaments 
to hold the droplet. Temperature measurements of a droplet was performed using two 
thermocouples in the experimental study by Qi Lin and Chen (Qi Lin & Chen, 2002). Those 
authors measured the diameter and weight of skim milk droplets, and showed that droplets 
remain attached to the filament knobs even after the formation of solid particles (Qi Lin & 
Chen, 2002). Chew et al. (Chew et al., 2013b) used a heated glass filament, which was also 
used as a thermocouple to measure the temperature of high solid concentration milk 
droplets. 
1.2.2. Comparison of evaporative pre-cooling methods 
In spray cooling, comparing the two common hybrid cooling methods, the evaporative spray 
cooling is more effective due to a larger heat and mass transfer area (Chaker, 2006). 
However, the temperature and relative humidity changes are the main assets. Al-Amiri et al. 
(Al-Amiri, Chaker, Zamzam, & Meher-Homji, 2006) reported that 100% saturation efficiency 
on the inlet air can be achieved for specific air conditions. They showed that the large contact 
area provided by atomization, increases the total heat transfer to the spray and decreases 
the air temperature while the moisture content rises (Al-Amiri et al., 2006). Nonetheless, the 
size of the droplets plays a key role in full evaporation. High pressure nozzles are used to 
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generate fine droplets. Wachtell (Wachtell, 1974) showed that droplets of 20 μm or less can 
provide full evaporation in his experimental study. As evaporation is dependent on ambient 
air conditions (temperature, relative humidity, velocity, etc.), different researchers found 
different droplet sizes for complete evaporation (Branfield, 2003; Rubin, 1975). Alkhedhair 
et al. (Alkhedhair, Gurgenci, Jahn, Guan, & He, 2013) performed a CFD analysis on a single 
spray nozzle for different air conditions. They showed that 81% of the water content of the 
spray evaporated at 40 oC and 40% relative humidity. Moreover, 8.1 oC temperature drop 
can be achieved for 20 μm at 1 m/s air velocity. They showed that the air velocity is an 
important parameter for the droplets trajectory (Alkhedhair et al., 2013). Based on review of 
the available literature, the droplet size in an efficient hybrid cooling system ranges between 
20 μm to 150 μm and the average temperature reduction is 6 oC (for velocity range of 0.5 
m/s to 2 m/s). 
1.2.3. Experimental Spray Analysis 
Experimental validation is always essential for an accurate design. A key aspect in spray 
system design is the fluid delivery, particularly the nozzle design (Alkhedhair et al., 2016). 
To perform experimental studies on water spray systems, Phase Doppler Interferometry 
(PDI) is widely used by researchers. For example, Vetrano et al. (M.-R. Vetrano, Lebeau, 
Rambaud, & Buchlin, 2008) used PDI to measure the size and velocity of the droplets in a 
spray. Using the Weber and Ohnesorge numbers, they presented a correlation to predict 
the Sauter Mean Diameter (SMD) for viscous liquids. Foissac et al. (Foissac et al., 2010) 
performed an experimental study on a single nozzle at high mass flow rate of 1 kg/s. To 
obtain local high resolution information about the spray, they used the PDI method and 
measured the size and velocity of the droplets passing through an optically defined probe 
volume.  Their measurements were performed in a ring and a Log-Normal distribution was 
observed for the droplet size distribution. Using PDI, Xie et al. (Xie et al., 2014) investigated 
the thermal effects of a spray. They reported that higher local droplet velocity occurs where 
there is a higher local droplet flux in the spatial distributions. Pawar et al. (Pawar et al., 2015) 
used PDI to validate their Euler-Lagrange model for a nozzle spray. They claimed that, to 
obtain a reliable size and velocity for droplets, 5000 samples are adequate for each 
measurement.  
1.2.4. Corrosion Issues 
A negative side effect of using saline or CSG water is that all metal surfaces, particularly the 
heat exchanger surfaces are exposed to corrosion and solid particle (salt) deposition. 
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Chloride ions in the water increases the rate of corrosion on the surface of the heat 
exchanger (Bahadori et al., 2013). While this is undesirable, there are a number of 
engineering solutions to overcome this problem. First, the hybrid cooling tower can be 
designed to avoid contact between liquid droplets (vapour) and surfaces. By ensuring 
evaporation of the droplets is complete before they reach the heat exchanger surfaces, the 
reactiveness of the saline solution is reduced (Liu, Li, & Wang, 2012) and cooling is 
maximised. Second, corrosion resistive materials can be used. For example, Condamine 
power station in Australia uses CSG water to cool the condenser. Here corrosion is avoided 
by the use of a titanium condenser and fibreglass transmitting pipelines. Other approaches 
to inhibit corrosion include the use of various paints and surface treatments (Kronenberg & 
Lokiec, 2001; Ohwaki, Urushihara, Kinugasa, & Noishiki, 2014) and controlling cooling water 
temperature (Kronenberg & Lokiec, 2001; R. Rao & Patel, 2011). 
1.3.  Research Gap 
Utilising saline water for spray cooling is an area that has received little attention, despite 
offering benefits both with respect to fresh water conservation and improvements in power 
generation efficiency. As will be shown in this thesis, at certain conditions using saline water 
instead of pure water increases cooling efficiency. The aim of the current research is to 
improve the knowledge base associated with the use of saline water in spray cooling 
applications. This includes the following:  
- detailed simulation and model validation for the evaporation of individual saline 
droplets  
- simulation of saline water spraying and validation 
- determining cooling efficiency for different initial and boundary conditions of saline 
water spraying 
- developing correlations for the evaporation distance (wet length) 
- presenting an optimum arrangement for nozzles. 
The knowledge generated forms a good basis for the development of saline spray cooling 
systems for a natural draft dry cooling tower (NDDCT). The work has confirmed that saline 
spray cooling is a viable alternative to pure water spray cooling in arid areas.  
The work has also highlighted additional benefits such as cost reduction of water 
consumption and tower construction (as a shorter tower can be built), and improved cooling 
performance as a result of higher evaporation efficiency. 
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1.4.  Research Aims 
To accomplish this project, a plan was designed, which divides the research into three aims: 
1. Investigation of evaporation from single pure and saline water droplets, 
To accomplish this research aim, firstly evaporation from pure water droplets is 
studied. Next, the influence of salt on the evaporation of single droplets is studied. To 
validate the numerical model for evaporation of saline water droplets, a group of 
experimental tests were performed for a wide range of ambient and initial conditions 
applicable for natural draft dry cooling towers. 
2. Simulation of saline water spraying in cooling tower representative condition 
and development of accurate lower order models, 
To accurately model the crystallization behaviour of NaCl, a group of micro analysis 
on dried crystals is performed using scanning electron microscopy (SEM). Based on 
the results obtained from SEM analysis and evaporation of solid containing droplet, 
a lower order numerical model is developed to simulate spray cooling using saline 
water. An experimental study was designed and performed, which partially certifies 
the numerical model for saline water spray. The outcome of this work is a lower order, 
but accurate model that can be used for the saline spray performance analysis in 
larger systems. This is a new finding presented in this research.  
3. Evaluating the performance of saline water spray compared with pure water 
and analysis, 
Using the numerical model for saline water sprays, cooling performance of spray 
cooling using pure water and saline water is compared. The influence of initial and 
ambient condition on the spray performance is investigated. Analysis were made on 
the two dimensionless correlations developed for wet length and cooling efficiency. 
The first aim creates a fundamental understanding of the evaporation process and how this 
is affected by the presence of dissolved salt. After certifying the numerical model for spray 
cooling against experimental data, the model is improved. Each aim is addressed in the form 
of published manuscripts in peer reviewed journals (flowchart shown in Figure 4). 
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Figure 4: Flowchart of this project (journal numbers available in Peer-reviewed Journal Papers section) 
 
In this thesis, after an introduction the literature review will be represented. Next, in chapter 
two, the published journal articles on evaporation of single saline water droplets will be 
presented. Chapter three presents the journal manuscripts on saline water spraying. Then, 
there is a conclusion followed by appendices (conference papers). 
 
 
 
  
34 
 
 
CHAPTER 2: Single Saline Water Droplets 
Chapters two is about the theoretical and experimental investigation of the evaporation 
process form a single saline water droplet as well as pure water droplets. This chapter 
includes three published journal articles. A new understanding regarding evaporation of 
single saline water droplets is achieved. First, a novel theoretical model for evaporation of 
single saline water is presented (paper 1). Next, the model is validated against a wide range 
of experimental tests performed in this research at different ambient conditions (air 
properties) and initial conditions (droplet properties) (paper 2). Then, because laser based 
measurement techniques are widely used in the field of droplets and sprays, the influence 
low-power laser source on evaporation of single saline water is investigated (paper 3). 
A summary of the outcomes from these papers and their relevance to the overall research 
goal of the thesis is provided in section 2.4  
2.1. Paper 1: Theoretical and Experimental Studies on a Single Solid Containing Water 
Droplet  
The main objective of this article is to study heat and mass transfer of a droplet with and 
without dissolved solids at conditions relevant to spray-assisted dry cooling towers. Thus, a 
new theoretical model to predict the evaporation behaviour of pure water and NaCl 
containing water droplets is created. A MATLAB code was generated and verified with data 
available in the literature. Moreover, the results obtained from the parallel experimental 
studies, optical measurements of droplet evolution, have validated the new modelling 
method.  
The experimental observations in this work, showed the existence of a transient stage 
between the isothermal stage of the evaporation process and final stage, where a crust 
covering the entire droplet surface exists. It was shown that considering this stage leads to 
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a more realistic simulation. In addition, considering a transient stage achieves a closer 
comparison with the experimental data.  
This article partially addresses research aim #1 (Investigation of evaporation from single 
pure and saline water droplets).   
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Abstract 
Heat and mass transfer to and from a single solution droplet is studied in this work. A new 
theoretical model to predict the evaporation behaviour of solid containing water droplets is 
presented. The model, implemented in MATLAB, is used to predict the process of droplet 
evaporation with prediction results successfully validated against data from the literature. 
Also, an experimental study was performed to study the evaporation of a single droplet 
containing NaCl and water. To investigate the influence of concentration, tests were 
performed with droplet having initial radiuses of approximately 0.5 mm and initial mass 
concentrations of 3% and 5%. Results obtained from the developed model were found to be 
in good agreement with our experimental data. Finally, it was shown that the current model, 
allowing for a smooth transition from surface evaporation to crystallization, is able to 
simulate the process more accurately compared to existing models in the literature which 
lead to a, less realistic, sharp transition. 
Keywords: Dissolved solids; Single droplet; Water evaporation, Glass filament method; 
Spray cooling 
 
Nomenclature 
A surface area (m2) V Volume (m3) 
B Spalding number X moisture content (-) 
c concentration / vapour 
concentration (kg /m3) 
  
cp specific heat (J/kgK)   
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Dv vapour diffusion coefficient Greek 
letters 
 
h heat transfer coefficient 
(W/m2K) 
α thermal diffusivity (m2/s)  
hD mass transfer coefficient 
(m/s) 
β empirical power coefficient (-) 
hfg specific heat of evaporation 
(J/kg) 
δ volume fraction 
Kn Knudsen number ε crust porosity 
k thermal conductivity 
(W/mK) 
ρ density (kg/m3) 
m mass (kg)   
ሶ݉  mass transfer rate (kg/s)   
M molecular weight (kg/mol)   
Nu Nusselt number Subscripts  
 p pressure (Pa) cr crust 
Pr Prandtl number d droplet 
r radial space coordinate (m) g gas 
R radius (m) s solid 
ज universal gas constant 
(J/molK) 
v vapour 
Re Reynolds number w water 
Sc Schmidt number wc wet-core 
Sh Sherwood number 0 Initial condition 
t time (s) ∞ free stream 
T temperature (T)   
 
1. Introduction  
Liquid sprays are widely applied in engineering applications with cooling towers, 
evaporators, condensers, and chemical reactors as some examples. The benefit of using 
these liquid sprays is increasing the contact area to obtain higher total heat and mass 
transfer between liquid and air. Applying this technique in arid areas, however, faces an 
obvious challenge of providing pure water. Hence, saline water is being used as an 
alternative in the spray-assisted dry (hybrid) cooling towers. Heat exchanger surfaces are in 
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exposure of corrosion and deposit formation due to using saline water because of large 
amount of corrosive ions in water. Therefore, contact of solid containing water droplets in a 
hybrid cooling tower to the heat exchanger surfaces should be avoided. In other words, 
evaporation of the droplets should be completed before they reach the heat exchanger 
surfaces. 
Beginning to evaporate, the evaporation rate of a solid-containing droplet is the same as 
that of pure water droplet. However, when the average concentration (mass fraction of the 
solid divided by the total mass of the droplet) reaches that of  saturation, solid formation 
occurs leading to an increase in the droplet temperature (Ranz & Marshall, 1952). This 
temperature rise is due to both heat of crystallization and sensible heat transfer in the case 
of solutions, and to sensible heat transfer in the case of suspensions (Ranz & Marshall, 
1952). 
1.1. Review of Existing Evaporation Models 
1.1.1. Two-stage Models 
There are models in the literature that assume two stages for droplet evaporation. According 
to those models, during the first stage of evaporation the main component of the droplet is 
assumed to be water. The second stage begins when the solid content of the droplet 
increases, due to water evaporation, and goes beyond a  critical concentration value (Abuaf 
& Staub, 1985).  
Applying a two-stage model, Abuaf and Staub simulated the latter stage by assuming the 
droplet as a porous solid crust around  a wet core at the centre (Abuaf & Staub, 1985). 
Elperin and Krasovitov assumed quasi-steady evaporation and showed that the evaporating 
rate is highly dependent on the permeability of the formed porous crust for vapour and heat 
transfer (Elperin & Krasovitov, 1995). 
1.1.2. Three-stages Models 
On top of two-stage models, some researchers showed that three different stages occur 
during evaporation of a solution droplet (Dalmaz et al., 2007; Elperin & Krasovitov, 1995; 
Mezhericher et al., 2007, 2008). According to those authors, the first stage of the previous 
model is divided into two stages including: temperature adjustment stage and constant-
temperature evaporation stage.  
Three-stage models assume that the droplet temperature remains constant beyond the wet-
bulb temperature. This isothermal stage is then followed by a sharp rise in the droplet 
temperature to reach the ambient air temperature. Also, a d2 law is assumed for the time 
taken for the unset of crust formation (Nešić & Vodnik, 1991). A mathematical model was 
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presented by Farid to predict the change of mass and temperature of a single milk droplet 
in contact with hot air in a spray drying (Farid, 2003). A constant evaporation rate was 
assumed during the first stage of the process. This period could be very short which is 
related to the nature of the droplets. A considerable temperature rise was reported after the 
completion of drying stage (Farid, 2003).  
Dalmaz et al. assumed that there is a pure water layer around spherical mixture of water 
and solid particles (Dalmaz et al., 2007). This water layer is evaporated during the first stage 
until very first solid particles come in contact with the surrounding air. The second stage 
begins at this point and evaporation continues by diffusion of vapour through the porous 
layer. On the other hand, Mezhericher et al. solved the governing equations for three stages 
of evaporation to find droplet temperature and mass assuming Stefan’s tube for the porous 
crust (Mezhericher et al., 2007). According to those authors, during the second stage of 
evaporation the outer diameter of the droplet remains constant whilst the particle wet core 
shrinks. Also available in their report, is a review of theoretical models to study the 
evaporation of single solid-containing droplets (Mezhericher et al., 2010). 
It is known that after the third stage, first solid particles form at the bottom of the droplet 
(Charlesworth & Marshall, 1960). As the evaporation continues, the solid crystals form 
around the droplet circumferential area. This is followed by phase change at the upper half 
of the droplet. It was reported that evaporation from the upper half of the droplet is faster 
compared to that from the lower half (Charlesworth & Marshall, 1960). Nevertheless, this 
fact has not been considered in the mathematical modelling of the previous works. 
Recent experimental studies on single droplet have been performed using thin filaments to 
hold the droplet. The temperature measurements of the droplet was done by using two 
thermocouples made of two different metals in the experimental study by Qi Lin and Chen 
(Qi Lin & Chen, 2002). The thermocouples were inserted inside the droplet in different runs 
from the ones for measuring the diameter and weight. They showed that the droplet would 
remained attached to the filament knob even after formation of solid parts (Qi Lin & Chen, 
2002). Chew et al. used a glass filament method to measure the temperature, diameter and 
the moisture content (water to solid mass fraction) of the droplets (Chew et al., 2013a). The 
used glass filaments were coated with Rocol dry film Teflon spray to diminish the tendency 
of climbing or capillary effects. They also measured the droplet diameter by digital camera 
using Adobe after Effect 7.0 and droplet temperature using a connected thermocouple in 
two separate runs (Chew et al., 2013a). 
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2. Theoretical Modelling 
The available theoretical models in the literature divide the evaporation of a solid containing 
droplet into two stages (Abuaf & Staub, 1985; Levi-Hevroni, Levy, & Borde, 1995; Yarin, 
Brenn, Kastner, & Tropea, 2002) or three stages (Dalmaz et al., 2007; Elperin & Krasovitov, 
1995; Mezhericher et al., 2007, 2008). First stage is temperature adjustment stage followed 
by size decrease in constant temperature (wet-bulb) in the second stage. In the third stage, 
solidification begins and droplet temperature reaches its maximum value. It is expected that 
the crust formation be a gradual process starting from the bottom of a droplet (Abuaf & 
Staub, 1985; Charlesworth & Marshall, 1960; Farid, 2003; Ranz & Marshall, 1952). 
Commensurate with the existing experimental data in the literature, our current experimental 
study leads to similar observations as will be discussed later. Nevertheless, all of the 
available models lead to a sudden jump in the droplet temperature after the crust is formed. 
Thus, a transient stage is introduced in this work after the second stage to simulate the 
physical phenomena more realistically. It should be mentioned that since cooling tower 
representative condition are the main application of the current model, the conditions above 
the boiling points and fracture of the porous shell due to pressure rise of the gas-vapour 
mixture are outside of the scope of the current study. However, increase of saturated 
pressure due to temperature rise is being taken into consideration. 
2.1. Stages of the evaporation for a solid containing water droplet 
 
Figure 5 categorizes saline water droplet drying based on their solid content and properties. 
During evaporation, the solid crystal forms at the lower part of the droplet and extends up to 
the droplet sides. NaCl has a porous and rigid structure after drying according to 
(Charlesworth & Marshall, 1960).  
 
 
Figure 5: Appearances changes in drying droplets (Charlesworth & Marshall, 1960) 
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In view of the above, a process similar to that described by Figure 5 is expected for the 
evaporation of a water+NaCl solution. Figure 6 illustrates the different stages of evaporation 
for a solid-containing water droplet including the transient stage. As shown in this figure, in 
stage 3 a solid crust starts to form from the bottom of the droplet. Now, stages one, two, and 
four will be discussed followed by stage three because, in our new model we assumed that 
the equations in stage three are a blend of stages two and four. 
 
Figure 6: Stage of evaporation of a solid containing water droplet 
 
2.1.1. First stage (temperature adjustment) and second stage (constant temperature 
evaporation) 
After start of evaporation, depending on the initial temperature of a solid-containing water 
droplet it stars to heat up or cool down to reach the wet-bulb temperature. Size change in 
this stage is small compared to the second stage. At this point, the second stage starts and 
the droplet shrinks gradually. Water content of the droplet evaporates during an 
approximately isothermal process with a (nearly) constant evaporation rate.  
As the mass of the droplet decreases the solid concentration increases. This trend continues 
until the droplet reaches its critical concentration. The critical concentration is different for 
each solution depending on the properties of the dissolved solid in the droplet. 
Due to the axisymmetric nature of the droplet and as directional forces (e.g. gravity) are 
small (Ranz & Marshall, 1952), and as the droplet can be assumed to have homogenous 
properties, the energy equation for the droplet becomes (Mezhericher et al., 2007): 
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߲ሺߩௗܿ௣,ௗ ௗܶሻ
߲ݐ ൌ
1
ݎଶ
߲
߲ݎ ൬݇ௗݎ
ଶ ߲ ௗܶ
߲ݎ ൰ 
(1) 
 
where ߩௗ, ܿ௣,ௗ, ௗܶ, and ݇ௗ are droplet density, specific heat, temperature, and conductivity, 
respectively. Also, ݐ is the time and ݎ is the radial coordinate. The above equation has to be 
solved subject to the following boundary conditions: 
 
ە
۔
ۓ ߲ ௗ߲ܶݎ ൌ 0																					 																							 ݎ ൌ 0
݄൫ ௚ܶ െ ௗܶ൯ ൌ ݇ௗ ߲ ௗ߲ܶݎ ൅ ݄௙௚
݉௩ሶ
ܣௗ 								 ݎ ൌ ܴௗ
 (2) 
 
݄ is the liquid-gas convection heat transfer coefficient at the droplet surface, ௚ܶ is the gas 
temperature, ݄௙௚ is the specific heat of evaporation, ݉௩ሶ  is the evaporation rate, and ܣௗ is 
the droplet surface area.Effectively at the droplet surface the energy is supplied from the 
gas phase via convection (significant in the second stage), and thermal conduction 
(significant in the first stage) from the liquid side, this is balanced by evaporation as shown 
in Figure 7. 
 
 
Figure 7:  Energy balance in the first and second stage of evaporation 
 
In order to calculate the heat and mass transfer coefficients at the gas-liquid interface when 
gas is forced to flow over (and around) the droplet, the correlation suggested by Ranz and 
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Marshall for the case of a solid-containing water droplet may be used (Ranz & Marshall, 
1952): 
 
ܰݑ ൌ 2 ൅ 0.6ܴ݁ௗ
ଵ
ଶܲݎଵଷ (3) 
݄ܵ ൌ 2 ൅ 0.6ܴ݁ௗ
ଵ
ଶܵܿଵଷ (4) 
 
Heat and mass transfer coefficients may be calculated using the Nusselt and Sherwood 
numbers in Eqs. (3) and (4). 
2.1.1.1. Properties of mixture in first and second stages 
The droplet is assumed to be homogenous and, the mean properties for the droplet should 
be determined in each time-step. The specific heat of the droplet may be evaluated as 
(Mezhericher et al., 2007): 
 
ܿ௣,ௗ ൌ ܿ௣,௪ሺ1 െ ܿሻ ൅ ܿ௣,௦ܿ (5) 
 
Subscripts ݓ and ݏ refer to water and solid with c being the solid mass fraction. Assuming 
the solution as an ideal two-component mixture (Mezhericher et al., 2007), the droplet 
density is given as:  
 
ߩௗ ൌ ߩௗ,௪ ߩௗ,௦ܿߩௗ,௪ ൅ ߩௗ,௦ሺ1 െ ܿሻ (6) 
 
One may calculate the thermal conductivity as (Mezhericher et al., 2007): 
 
݇ௗ ൌ ߜ݇௪ ൅ ሺ1 െ ߜሻ݇௦ 
ߜ ൌ ௏೏,ೢ௏೏   
(7) 
 
where ߜ is the water volume fraction with ௗܸ and ௗܸ,௪ being the total volume of the droplet 
and that of water (in the droplet), respectively. 
2.1.1.2. Calculating the droplet mass and radius  
Assuming that the droplet temperature during the second stage remains constant, as latent 
heat is dominant compared to sensible heat, the energy balance equation is simplified to 
(Mezhericher et al., 2007): 
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݄௙௚ ሶ݉ ௩ ൌ ݄ሺ ௚ܶ െ ௗܶሻܣௗ (8) 
 
The evaporation rate from the droplet is calculated as: 
 
ሶ݉ ௩ ൌ ௌ௛஽ೡ஺೏ଶ௥ ሺߩ௩,ௌ௨௥ െ ߩ௩,ஶሻ  (9) 
 
the subscripts ݒ, ܵݑݎ, and ∞ refer to vapour, surface, and free stream, respectively. Thus: 
 
ௌ௛஽ೡ
ଶ௥ ൫ߩ௩,ௌ௨௥ െ ߩ௩,ஶ൯ ൌ
௛ሺ ೒்ି்೏ሻ
௛೑೒   (10) 
 
Dv is the vapour diffusion coefficient which, for drying air at atmospheric pressure, reads 
(Grigoriev & Zorin, 1988): 
 
ܦ௩ ൌ 3.564 ൈ 10ିଵ଴ሺ ௗܶ,௦ െ ௚ܶሻଵ.଻ହ (11) 
 
After calculating droplet equilibrium evaporation temperature, the following equation is used 
to find the droplet diameter: 
 
ௗሺ௥೏ሻ
ௗ௧ ൌ െ
ଵ
ସఘ೏,ೢగ௥೏మ
ሶ݉ ௩  (12) 
 
By integrating Eq. (12) one may calculate the droplet mass (Mezhericher et al., 2007): 
 
݉ௗ ൌ ݉ௗ,଴ െ 4ߨߩௗ,௪ሺݎௗ,଴ଷ െ ݎௗଷሻ/3 (13) 
 
݉ is the droplet mass and subscript 0 shows the initial condition. Equation of energy 
conservation is coupled with equations for radius change and rate of mass transfer from the 
droplet.  
For the first and second stages, the governing equations are solved using a Lagrangian 
formulation of the hot air flow field. A grid with 64 cells in the radial direction is implemented 
and a fixed time step of 0.5 seconds is used for the transient implicit solution. Eqs.(1), (12), 
and (13) were solved using boundary conditions in Eq. 2 to study the sensitivity. Results 
45 
 
obtained using shorter (0.25 s) time steps with 128 cells in the radial direction are found to 
be within 1% of those obtained on coarser grids.  
2.1.2. The fourth stage (drying stage) 
The fourth stage is characterized by expansion of a crust on the surface. The crust is 
modelled as a porous medium allowing the transfer of water vapour through the pores. While 
the crust is being thickened, the water content of the droplet continues to evaporate via 
diffusion through the pores. During the fourth stage, the droplet temperature rises due to 
expansion of the crust and evaporation continues from the shrinking wet core until complete 
drying. The thermal energy balance for the crust is (Mezhericher et al., 2007): 
 
߲ ௖ܶ௥
߲ݐ ൌ
ߙ௖௥
ݎଶ
߲
߲ݎ ൬ݎ
ଶ ߲ ௖ܶ௥
߲ݎ ൰, 					ܴ௜ሺݐሻ ൏ ݎ ൏ ܴ௣ (14) 
 
where ߙ is thermal diffusivity, ܴ௣ is the final radius of the droplet, and subscripts ܿݎ, and i 
stand for crust and spatial grid number, respectively. Eq. (14) has to be solved subject to 
the following boundary conditions: 
 
ە
۔
ۓ݇௖௥ డ ೎்ೝడ௥ ൌ ݇௪௖
డ்ೢ ೎
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݄൫ ௚ܶ െ ௖ܶ௥൯ ൌ ݇௖௥ డ ೎்ೝడ௥ 																			ݎ ൌ ܴௗ
  (15) 
 
where the subscript ݓܿ stands for the wet-core. With ߝ denoting the crust porosity, the 
thermal conductivity of the crust may be calculated as: 
 
݇௖௥ ൌ ݇௦ሺ1 െ ߝሻ ൅ ߝ݇௩  (16) 
 
The conservation of energy in the wet-core leads to (Mezhericher et al., 2007): 
 
߲ሺߩ௪௖ܿ௣,௪௖ ௪ܶ௖ሻ
߲ݐ ൌ
1
ݎଶ
߲
߲ݎ ൬݇௪௖ݎ
ଶ ߲ ௪ܶ௖
߲ݎ ൰ , 0 ൏ ݎ ൏ ܴ௜ሺݐሻ (17) 
 
with the following boundary conditions: 
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as shown in Figure 8 at various interfaces. 
 
Figure 8: Energy balance at the interface of wet-core and crust in fourth stage 
 
Furthermore, shrinkage of the wet core is described using (Levi-Hevroni et al., 1995): 
 
݀ሺݎ௪௖ሻ
݀ݐ ൌ െ
1
ߝߩ௪௖,௪4ߨݎ௪௖ଶ ሶ݉ ௩ (19) 
 
The evaporating water from the wet-core passes through the crust pores. The diameters of 
these pores are assumed to be much greater than the mean free path of vapour molecules. 
The maximum Knudsen number in this case is  ܭ݊ ൌ ߣ௩ ݀௣ ൏ 0.1⁄  (݀௣ is the pore diameter). 
Thus, vapour diffusion in the crust pores is independent of the pore size and depends only 
on concentration gradient. Therefore, assuming each pore as a Stefan’s tube is valid and 
the following equation may be used to determine the vapour mass flow rate from the pores 
(Abuaf & Staub, 1985): 
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where ݌௩௜, ݌௩,ஶ, and ݌௚ are partial pressure at the water side of the pores, partial pressure 
of water vapour in the ambient air, and total pressures of water vapour in the air. In addition, 
ߚ, ܯ௪, and ࣬ are empirical power coefficient, molecular weight, and the universal gas 
constant, respectively. It should be mentioned that for simplification in calculation of mass 
flow rate in the fourth stage the steady state equation is used. 
In order to consider Stefan’s flow in the pores of the crust, Levi-Hevroni et al. (Levi-Hevroni 
et al., 1995) modified the Eqs. (3) and (4) using the Spalding number (ܤ ൌ
ሺܿ௣௩൫ ௚ܶ െ ௗܶ൯ሻ/݄௙௚) as follows: 
 
ܰݑ ൌ ሺ2 ൅ 0.6ܴ݁ௗ
ଵ
ଶܲݎଵଷሻ/ሺ1 ൅ ܤሻ଴.଻ (21) 
݄ܵ ൌ ሺ2 ൅ 0.6ܴ݁ௗ
ଵ
ଶܵܿଵଷሻ/ሺ1 ൅ ܤሻ଴.଻ 
 
(22) 
Heat and mass transfer coefficients for the fourth stage may be calculated using the Nusselt 
and Sherwood numbers in Eqs. (23) and (24). 
As evaporation continues, the wet-core shrinks while the crust is being thickened. Hence, 
interface of the crust and the wet-core will move from the surface to the core. In this stage, 
the described ghost cell approach by Udaykumar et al. (Udaykumar, Mittal, & Shyy, 1999) 
was used to allow the movement of the interface of crust and the wet-core. 
A uniform grid distribution with size of 4 μm in the radial direction is implemented and an 
adaptive time step with initial value of 0.05 s is used to obtain the transient implicit solution 
to Eqs. (17), (19), and (20) subject to Eq. (18) as the boundary and initial conditions. No 
stability issues were noted. Changes of the numerical results were less than 1% when we 
doubled both the spatial and temporal grid numbers.   
2.1.3. Third stage (transition to rigid crust formation) 
During the second stage, which is assumed as an isothermal stage, the water content of the 
droplet evaporates. As the droplet mass decreases, the solid concentration increases to 
reach the critical value. Then, the very first solid particles begin to form at the bottom of the 
droplet (Charlesworth & Marshall, 1960). As mentioned in section 2 the previous modelling 
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methods simplify the problem with considering a sudden entire crust formation after the 
droplet reaches the critical concentration in the end of the second stage.  
To accurately capture the transient crust formation, a weighting factor “z” is introduced to 
blend the equations of evaporation and drying stages (second and fourth stage). Here, z is 
the surface fraction of the wet area to the whole particle. As shown in Figure 9, this factor is 
equal to unity at the beginning of transient stage, and goes to zero at the end of this period.  
 
 
Figure 9: Change of weighting factor in the transition to rigid crust formation stage 
 
In our modelling, the third stage is divided into two one-dimensional ones which are blended 
by the weighting factor as illustrated by (both equations are used in this stage). Initially, with 
high z values, the problem is dominated by evaporation but as time goes on, and z 
decreases, there is less water to evaporate and the sensible heat takes over as the dominant 
mechanism of heat transfer. In other words, according to Figure 10, the equations pertaining 
to the second stage (Eqs. (1)-(13)) are applied to part II while the equations governing the 
and fourth stage (Eqs. (14)-(22)) are being used in  part IV. 
 
 
Figure 10: One-dimensional problem in the transition to rigid crust formation stage 
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Figure 11 illustrates the temperature change of a solid containing water droplet using 
transient stage (4 stages model) and without transient stage (3 stages model) under the 
conditions defined in Table 1. As seen, the temperature does not have to suddenly jump in 
the 4-stage model unlike that of 3-stage models. Moreover, the final size of the solid particle 
is smaller as the fourth stage begins later which allows the droplet to shrink more. Based on 
our experimental results, using this model causes more accurate capture of the experimental 
data. If evaporation occurs in lower temperatures, this transient stage lasts longer.  
 
 
Figure 11: Smooth increase in droplet temperature considering transient stage 
 
2.2. Validation of the generated code 
The simulation results were validated through comparison to the experimental results of 
Nesic and Vodnic (Nešić & Vodnik, 1991) for the evaporation of water droplets containing 
SiO2. Their data were previously used to validate the three stages models created by 
Dalmaz et al. (Dalmaz et al., 2007) and Mezhericher et al. (Mezhericher et al., 2007). 
The input parameters for their experiment, using colloidal silica droplets, are shown in Table 
1. 
 
Table 1: Properties SiO2-water solution in the experimental study (Nešić & Vodnik, 1991) 
Property Value 
Density of solid (kg/m3) 2220 
Conductivity of solid (W/m.K) 1.445 
Heat capacity of solid (J/kg.K) 825 
Density of water (kg/m3) 1000 
Conductivity of water (W/m.K) 0.66 
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Heat capacity of water (J/kg.K) 4188 
Initial radius of droplet (m) 0.000945 
Porosity of solid (-) 0.588 
Air velocity (m/s) 1.73 
Ambient Air Temperature (°C)  101 
Initial Concentration (-) 0.3 
 
Figure 11 shows the surface temperature history of the single droplet. As seen, after 
warming up at a constant radius, the droplet shrinks in size during an isothermal process. In 
contrast to stage 2, there is a temperature gradient between core and surface in stage 1. 
This is followed by the transient stage (stage 3), during which a rise in temperature occurs. 
Finally, during crust formation, both surface and core temperatures increase sharply until 
the they asymptotically approaches ambient value by the end of the fourth stage which is in 
accordance to experimental results in the literature (Abuaf & Staub, 1985; Elperin & 
Krasovitov, 1995). The core temperature, expectedly, lags behind due to the insulation effect 
of the crust. 
Figure 12 illustrates the droplet and water mass with the distance between the black solid 
and dashed lines showing the mass of the growing crust. Mass of the water in the wet-core 
has a similar variation with the total mass which is reasonable as the mass of the solid is 
constant in the droplet. Stage 1 is a very short stage and as shown in Figure 12 it lasts 
approximately 0.025 s. 
 
 
Figure 12: Particle and wet-core mass history  
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3. Experimental Study  
In this section, the experimental results for water droplets containing NaCl are presented 
and compared with those from the 4-stage model. 
3.1. Experimental setup 
A glass filament which had a spherical knob at the very end was used to hold the droplet. 
The experiments were conducted in an air-conditioned room. The droplet and the filament 
were covered using a box to control the air flow rate (which was measured using a hotwire 
velocity meter) and accurately monitor the effect on the evaporation rate. The droplets were 
generated with initial concentrations of 3 and 5%. A micropipette with the accuracy of 0.01 
µL was used to generate droplets with initial diameters of about 1mm. During the experiment 
droplet diameter was continuously recorded using an optical microscope and video camera 
to measure their sizes. 
As can be seen in the schematic diagram of the test rig (Figure 13), a 617 nm LED light is 
used as the light source. The light beam is collimated using lens 1 before being directed 
across the droplet by a 90° (50%) beam splitter. After passing the droplet twice, the reflected 
beam is magnified by a factor of 10 and focused on a digital camera with a resolution of 
1024 by 1280 pixels using lens 2.  
 
 
Figure 13: Schematic diagram of test rig 
 
By using the splitter and the reflector to make sure that the LED light rays passing the droplet 
are parallel and, thus, the droplet diameter was being recorded correctly. In addition, if after 
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solidification some light beams get scattered away, due to non-spherical shape of the 
droplet, there are definitely some light beams scattered off the surface.  
Images were recorded in 10 second intervals. Changes in size of the droplet were precisely 
detected. Figure 14 shows five shots in 500 s intervals for a droplet with initial concentration 
of 5%. The white spot at the middle is the light reflection from the droplet surface. 
 
 
Figure 14: Change in size of a NaCl containing water droplet with initial concentration of 5% 
 
The images were processed using MATLAB to extract droplet dimensions. Droplet 
dimensions were determined by fitting an ellipse to the droplet outline. The true liquid volume 
was determined by subtracting the filament volume from that of the ellipsoid. 
Our experimental results show that approaching the critical concentration a solid cap starts 
to form at the bottom of the droplet (as shown in Figure 15). In addition to this solid cap, 
some moving solid particles were observed on the other parts of the surface. These moving 
particles and the solid cap grow in size until whole surface is covered by a crust. Therefore, 
adding the transient stage results in a more realistic simulation of the evaporation and drying 
process. 
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Figure 15: Forming a solid cap from the bottom of the evaporating droplet, initial concentration: 5% 
 
The experimental tests for each initial concentration were repeated three times. The results 
fell within the respective uncertainty bounds, thereby demonstrating that our laboratory 
studies are repeatable with a high level of reliability.  
Following the procedure recommended by Moffat (Moffat, 1988), the uncertainty in 
measuring the droplet size is found to be less than 3%.  
3.2. Experimental results for 3% initial concentration 
Initial state of the droplet and the ambient air conditions are illustrated in Table 2. 
 
Table 2: Test conditions and initial state of the droplet for 3% initial concentration 
NaCl+Water Solution 
Initial radius of droplet (μm) 533 
Initial Concentration (-) 0.03 
Critical Concentration (-) 0.275
Ambient Air Temperature 
(°C)  24 
Air Speed (m/s) <0.1 
Ambient Air RH (%) 0.8 
 
The measured and predicted particle radiuses are shown in Figure 16. Between t = 0 s and 
t= 1420 s the experiment and model both show a steady decrease as time passes. After t = 
1420 s, in the experiment the shrinkage rate decreases, which is attributed to the formation 
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of the solid cap. The 4-stage model allows a continuous volume reduction during stage 3. 
Thus, decrease in radius will continue even after solidification with the start of the third stage. 
As a result, the final size predicted by the four stages model is less than that of conventional 
three stages method. This modification causes a better capture of experimental results 
which is shown in Figure 16. 
 
 
Figure 16: Radius of the droplet for 3% initial concentration 
 
As can be seen in Figure 16, the 3- and 4-stage models predict final radii of 257 μm and 225 
μm, respectively. This suggests that the 4 stage model is in better agreement with the 
experimental datum which reads 229.4 μm. 
Volume of the droplet is shown in Figure 17. Likewise, the current 4-stage model shows a 
better agreement to the experimental data compared to the 3-stage counterpart. The similar 
concave shape of the both mathematical model and the experimental result further proves 
the validity of the developed model.  
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Figure 17: Volume of the droplet for 3% initial concentration 
 
Figure 18 indicates the predicted surface temperature for both 3- and 4-stage model for 
initial concentration of 3%. No difference is observed during stages 1 and 2 while a sharp 
increase in temperature occurs after crust formation in the fourth stage. As seen after a rise 
in the third stage, the temperature asymptotically approaches its peak value by the end of 
the fourth stage. Although both models predict the same final temperature, the four stages 
model predicts the temperature rise with a smoother trend than the three-stage one. 
 
 
Figure 18: Droplet temperature for 3% initial concentration 
3.3. Experimental results for 5% initial concentration 
Initial conditions of the tests for 5% initial concentration are stated in Table 3.  
 
Table 3: Test conditions and initial state of the droplet for 5% initial concentration 
NaCl+Water Solution 
56 
 
Initial radius of droplet (μm) 645 
Initial Concentration (-) 0.05 
Critical Concentration (-) 0.275
Ambient Air Temperature 
(°C)  22.5 
Air Speed (m/s) <0.1 
Ambient Air RH (%) 0.78 
 
Figure 19 shows the predicted radius of the droplet using the four- and three-stage models 
along with those of our experiments. As  seen, the predicted final size of the droplet is 325 
μm and 283 μm using three and four stages models, respectively which shows more 
accurate results from four stages model than three-stage method. 
 
 
Figure 19: Radius of the droplet for 5% initial concentration 
 
Volume of the droplet for 5% of initial concentration of the salt is plotted in Figure 20. 
Similarly, there is a closer correspondence between the experimental results and those of 
four-stage model compared to that of the three stage method.  
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Figure 20: Volume of the droplet for 5% initial concentration 
 
Figure 21 shows the predicted surface temperature of the droplet using current model and 
the three stage method for 5% initial concentration. As seen, after the second stage in the 
current model there is a smoother grow in temperature which is caused by a more realistic 
simulation of the physical process in the evaporation of solid-containing droplets. Having 
said that, the final temperature from both models are the same. 
 
 
Figure 21: Droplet temperature for 5% initial concentration 
4.  Conclusion 
Three sets of laboratory tests were performed for 3% and 5% initial concentration of NaCl 
in water using an optical measurement technique. These mass fractions of salt are relevant 
to evaporation of saline water with the application of spray –assisted dry cooling towers. 
Also, an advanced theoretical model to predict the evaporation behaviour of single droplets 
containing dissolved solids has been developed and presented in this study. Single droplets 
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were held in still air using a glass filament to monitor the size change. The advanced model 
includes an extra stage that simulates the formation of a crust that partially covers the liquid 
droplet. After verifying the model with available data in the literature as well as the current 
experimental studies, it was shown that adding this extra stage results in a more realistic 
simulation of the process. In addition, the numerical results compare better to the 
experimental data. In the future works, different ambient air temperatures and ambient air 
velocities relative to the droplet will be considered.  
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2.2. Paper 2: A Theoretical Model with Experimental Verification for Heat and Mass 
Transfer of Saline Water Droplets 
In this article, a robust MATLAB model to predict the behaviour of evaporating solid 
containing water droplets is presented, which can be applied to a wide range of initial and 
boundary conditions. This code is validated against a comprehensive set of experimental 
test results. These tests are performed at different air velocities, gas temperatures, and initial 
concentrations relevant to NDDCTs. For the experiments single droplets were held using a 
glass filament in a rectangular channel and properties of the air were controlled. From the 
experimental data as well as validated simulation results, a correlation is suggested to 
predict the time until the start of crust formation. This time is important because it shows the 
required time for a droplet to reach its final size and become dry.  
The results from this work show two important effects associated with replacing pure water 
by saline water in spray cooling systems, (1) a lower heat transfer rate and (2) a shorter 
evaporation time. The first effect may be compensated by using a larger volume of water. 
The second effect may be exploited to decrease the distance between nozzle and heat 
exchanger.  
This article partially addresses the research aim #1 (Investigation of evaporation from single 
pure and saline water droplets).  
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Abstract 
Heat transfer to and mass transfer from NaCl-water droplets are investigated both 
numerically and experimentally. A new model is presented and used to simulate saline water 
droplet evaporation. The model is robust enough to be applied for various initial 
concentrations and conditions of the droplet, ambient conditions, and dissolved media 
properties. The model is validated using experimental data obtained in this study on top of 
those already available in the literature. The experimental apparatus as well as the 
processing routines to optically measure droplet evaporation at a range of ambient 
conditions are presented. The droplet was suspended using a glass filament.  Data were 
collected for droplets with an initial radius of 500 μm at three temperatures 25 oC, 35 oC, 
and 45 oC and three air velocities 0.5 m/s, 1.5 m/s, and 2.5 m/s to provide a comprehensive 
validation dataset. Based on experimental and simulation data, a correlation is presented 
that captures the start time of solid formation. This time plays an important role in cooling 
tower design as it shows the time that the outer surface of the droplet dries. Using the 
validated model, it is shown that for 500 μm radius droplets with 3% initial mass 
concentration the start time of reaching the final size is 17% less than evaporation time of a 
pure water droplet. Also, the net energy required to evaporate the droplet falls by 7.3% 
compared to a pure water droplet. For 5% initial concentration these values are 24.9% and 
12.2%, respectively. Using saline water in spray-cooling has two major effects: the energy 
extracted from the air per unit droplet volume is reduced (which can be compensated for by 
increasing the liquid flow rate). Moreover, compared to the time taken for the evaporation of 
a pure water droplet, the period with wet surface is shorter as a result of crust formation 
around the saline water droplet. This allows a shorter distance between spray nozzles and 
heat exchangers. 
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Nomenclature 
A surface area (m2) Sc Schmidt number 
B Spalding number Sh Sherwood number 
c mass concentration St Stanton number 
cp specific heat (J/kgK) t time (s) 
C1 constant in experimentally 
obtained correlation 
̂ݐ dimensionless time = 
௧ర೟೓	ೞ೟ೌ೒೐௠́೒
௠బ,೏  
Dv vapour diffusion coefficient 
(m2/s) 
T temperature (K) 
f experimental correlation z weighting factor for transition 
to crust formation 
h heat transfer coefficient 
(W/m2K) 
Greek 
symbols 
 
hD mass transfer coefficient 
(m/s) 
β empirical power coefficient  
  ε crust porosity 
Hevap specific heat of evaporation 
(J/kg) 
Ω temperature ratio 
k thermal conductivity 
(W/mK) 
ρ density (kg/m3) 
m mass (kg) Subscripts  
ሶ݉  mass transfer rate (kg/s)   
݉́ mass flow rate (kg/s) cr crust 
Mw molecular weight (kg/mol) d droplet 
Nu Nusselt number g gas 
 p pressure (Pa) s solid 
Pr Prandtl number v vapour 
r radial space coordinate (m) wb wet-bulb 
R radius (m) wc wet-core 
ज universal gas constant 
(J/molK) 
0 initial condition 
Re Reynolds number ∞ free stream 
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RH relative humidity   
1. Introduction 
Improving the efficiency of dry cooling towers has always been a challenge for designers. 
For instance, in arid areas production capacity losses of about 50% are predicted (Andrea 
Ashwood & Desikan Bharathan, 2011). To enhance the performance of dry cooling towers, 
hybrid methods are suggested to decrease inlet air temperature. Two hybrid methods are 
available in dry cooling systems: evaporative spray cooling of the inlet air, and using water 
deluge to cool the air. Spray assisted dry cooling towers are more efficient and cost effective 
in arid areas as they do not require a large volume of water. With liquid spray cooling 
systems, the decreased cooling tower inlet air temperature leads to higher thermodynamic 
efficiencies. Here the spray removes heat from the air approaching the heat exchangers 
inside the tower. As a result, the cold side temperature of the thermodynamic cycle is 
reduced. This reduction in temperature at which heat is rejected, increases overall 
thermodynamic efficiency. 
Applying spray cooling in dry areas, however, faces an obvious challenge of fresh water 
scarcity. However, as an alternative, saline water might be available in spray-assisted dry 
cooling towers (hybrid). For example, in arid areas in Queensland, Australia a large volume 
of water is produced in the production of natural gas from coal-bed methane. Methane 
desorbs from coal if pressure is decreased in the underground reservoir by water pumping 
(Rice & Nuccio, 2000). Therefore, saline water will be available as a valuable source for 
spray cooling systems. There are, nonetheless, some dissolved and insoluble materials in 
this water. Kinnon et al. showed that NaCl is the main salt in the saline water from coal-bed 
methane production (Kinnon et al., 2010). According to those authors, NaCl constitutes 
about 84% (mass based) of the total dissolved salt in Bowen Basin in Queensland. Due to 
the similarities between the physical properties of NaCl and the other dissolved salts, NaCl 
may be considered as the main dissolved salt in saline water. A side effect of using saline 
water is that the heat exchangers are exposed to corrosion and solid particle (salt) 
deposition. Chloride ions in the water increases the rate of corrosion on the surface of the 
heat exchanger (Bahadori et al., 2013). Therefore, contact of liquid and the heat exchanger 
surfaces should be avoided in a hybrid cooling tower. In other words, evaporation of the 
droplets should be completed before they reach the heat exchanger surfaces. 
To simulate the evaporation process from solid-containing droplet, researchers have 
suggested two (Abuaf & Staub, 1985; Elperin & Krasovitov, 1995) and three-stage models 
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(Dalmaz et al., 2007; Farid, 2003; Mezhericher et al., 2007; Nešić & Vodnik, 1991). In 
general, the evaporation of droplets can be described as follows (see Figure 22):  
1. The droplet is warmed/cooled to be close to ambient conditions, 
2. Evaporation takes place during an isothermal phase, 
3. First particles form at the bottom of the droplet (Charlesworth & Marshall, 1960) and 
grow to cover the upper part, 
4. The remaining water is then evaporated followed by complete drying.  
The slow formation of the crust is considered in the mathematical modelling by Sadafi et al. 
(Sadafi, Jahn, Stilgoe, & Hooman, 2014b). In their four-stage model they showed that the 
droplets shrink even after presence of solid particles on the surface which results in a better 
agreement with the experimental results compared to former models (Sadafi et al., 2014b).  
 
 
Figure 22: Stage of evaporation of a solid containing water droplet 
 
Handscomb and Kraft described a generalized model with different possible sub-models for 
evolution of the droplets following shell formation which includes slow boiling after dry shell 
formation (Handscomb & Kraft, 2010; Handscomb et al., 2009). They demonstrated that 
morphology of droplet plays a key role in the droplet evolution after shell formation. Under 
certain circumstances, a further isothermal stage may exist after shell formation 
(Handscomb et al., 2009). 
Recent experimental studies on a single droplet have been performed using thin filaments 
to hold the droplet. Temperature measurements of the droplet were performed using two 
thermocouples in the experimental study by Qi Lin and Chen (Qi Lin & Chen, 2002). Those 
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authors measured the diameter and weight of skim milk droplets to show that droplets could 
remain attached to the filament knobs even after the formation  of solid parts (Qi Lin & Chen, 
2002). Chew et al. used a heated glass filament which was also used as a thermocouple to 
measure the (high solid concentration milk) droplets temperature (Chew et al., 2013b). Using 
a microscope digital camera, Sadafi et al. monitored the droplet size at low air velocities to 
note that the droplets shrink after crust formation in slow evaporation under standard room 
conditions (Sadafi et al., 2014b). 
5. Theoretical Modelling 
The four-stage model developed by Sadafi et al. (Sadafi et al., 2014b) was used in this study 
and is briefly described in section 3.3. This model and the current paper focus on cooling 
tower conditions. Thus high temperature condition leading to boiling or fracture of the porous 
shell due to pressure rise of the gas-vapour mixture is beyond the scope of the current study. 
However, increase of saturated pressure due to temperature rise is considered. 
a. Four-stage Models 
According to this model, during the first stage of evaporation, the temperature of a saline 
water droplet adjusts to approach the wet-bulb temperature. Evaporation in this stage is 
negligible compared to the later stages. Next, the second stage starts and the droplet size 
decreases. This stage is an approximately isothermal process with a nearly constant radius 
reduction and drying rate (Handscomb et al., 2009). As water evaporation continues, solid 
concentration rises to the critical concentration which, in turn, depends on the solid 
properties (27.47% by mass for NaCl in water (Bharmoria, Gupta, Mohandas, Ghosh, & 
Kumar, 2012)). Once the critical concentration is reached, the third stage kicks off and solid 
crystals are formed in the lower part of the droplet. Then, they start to extend up to the 
droplet sides as the third stage progresses. Finally, the fourth stage starts once a solid crust 
forms around the entire droplet. This solid crust then grows in thickness until almost all the 
liquid is evaporated. This crust is assumed to be a porous medium allowing the diffusion of 
water vapour through its pores.  
Figure 23 shows the formed pores on the main crystals. The average diameter of these 
pores is 1 μm. During the drying progress, the water mass fraction decreases and in the 
pores water is replaced by air and vapour.  
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Figure 23: Cross sectional image of NaCl using scanning electron microscopy (SEM) 
 
Assuming axisymmetric shape for the droplet, homogenous properties (in the temperature 
adjusting and isothermal evaporation stages), and neglecting directional forces (e.g. gravity) 
(Ranz & Marshall, 1952), the energy equation for the droplet is (Mezhericher et al., 2007): 
 
߲ሺߩܿ௣ܶሻ
߲ݐ ൌ
1
ݎଶ
߲
߲ݎ ൬݇ݎ
ଶ ߲ܶ
߲ݎ൰ 
(1) 
 
where ܶ is the temperature (of the droplet in the first and second stages or of the crust or 
wet-core during the fourth stage). The following boundary conditions are applied for the first 
and second stage: 
 
ە
۔
ۓ ߲߲ܶݎ ൌ 0,																							 																							 ݎ ൌ 0
݄൫ ௚ܶ െ ܶ൯ ൌ ݇ௗ ߲߲ܶݎ ൅ ܪ௘௩௔௣
݉௩ሶ
ܣௗ ,						 ݎ ൌ ܴௗ
 (2) 
 
where ܴௗ is the droplet outer radius in the first and second stage. The following 
conditions apply for the fourth stage: 
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where ݎ௜௡௧௘௥௙௔௖௘ is the radius of the interface between the wet-core and the crust and ܴ௖௥ is 
the outer radius of the crust. In this stage, evaporating liquid diffuses through the pores. As 
the latent heat is dominant compared to sensible heat in isothermal evaporation stage in the 
wet-core during the fourth stage, the energy balance equation applied to these can be 
simplified to (Mezhericher et al., 2007): 
 
ܪ௘௩௔௣ ሶ݉ ௩ ൌ ݄ሺ ௚ܶ െ ܶሻܣௗ (4) 
 
where ܣௗ, is the droplet surface area. In the fourth stage this area is based on the crust 
radius. Changes in the droplet radius in the first two stages and the wet-core radius in the 
fourth stage are determined by solving Eq. (5) (Mezhericher et al., 2007).  
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To calculate the wet-core radius in the fourth stage, this is equation is modified to account 
for porosity, resulting in Eq. (6): 
 
ሺ4ߨݎଶሻߝ ݀ݎ݀ݐ ൌ െ
ሶ݉ ௩
ߩ 	 (6) 
 
The vapour mass flow rate from the wet-core in the fourth stage is obtained using Eq. (7) as 
described in (Sadafi et al., 2014b): 
 
ሶ݉ ௩
ൌ െ݌௚࣬ሺ ௖ܶ௥,௦ ൅ ௪ܶ௖,௦ሻܯ௪ܦ௩,௖௥
8ߨߝఉሺܴ௣ݎ௪௖ሻ
ሺܴ௣ െ ݎ௪௖ሻ ݈݊ ൦
݌௚ െ ݌௩
݌௚ െ ൬ ࣬4ߨܯ௪݄஽ܴ௣ଶ ሶ݉ ௩ ൅
݌௩,ஶ
௚ܶ ൰ ௖ܶ௥,௦
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where ݌௩ is the vapour pressure at the interface of the crust and the wet-core. Here, it is 
assumed that the vapour diffuses through a number of Stefan tubes. The argument in the 
logarithmic term shows the vapour mass concentration gradient through the pore. The 
multiplier is the density of the vapour times the vapour diffusion coefficient and the pore 
cross-sectional area. Besides, ߚ is an empirical factor which depends on the structure of the 
crust. It should be mentioned that for simplification in calculation of mass flow rate in the 
fourth stage the steady state equation is used. 
To calculate the heat and mass transfer coefficients at the gas-liquid interface when gas is 
forced to flow over (and around) the droplet (during the first and second stages), the 
correlations from Ranz and Marshall (Ranz & Marshall, 1952) are used: 
 
ܰݑ ൌ 2 ൅ 0.6ܴ݁ௗ
ଵ
ଶܲݎଵଷ (8) 
݄ܵ ൌ 2 ൅ 0.6ܴ݁ௗ
ଵ
ଶܵܿଵଷ (9) 
 
However, during the fourth stage, the effect of porous crust is simulated as the Stefan flow 
in the boundary layer of the droplet (Mezhericher et al., 2007) where the recommended 
modification by Levi-Hevroni et al. (Levi-Hevroni et al., 1995) is used, i.e. Eqs. (8) and (9) 
are divided by the Spalding number (ܤ ൌ ቀܿ௣௩൫ ௚ܶ െ ௗܶ൯ቁ ݄௙௚ൗ ). 
In the model developed by Sadafi et al. (Sadafi et al., 2014b), the third stage is introduced 
by a adding a weighting factor “z” to blend the equations of the evaporation and drying 
(second and fourth) stages. Here, z is the volume fraction of the wet volume to the whole 
particle. It is equal to unity at the beginning of the third stage and goes to zero at the end of 
this period. The equations describing the second stage are applied to a fraction of the droplet 
(part I) while the equation for the fourth stage are applied to the remainder (part II) as 
illustrated by Figure 24. This transient stage results in a smooth temperature rise after the 
isothermal evaporation stage as reported by Handscomb et al. (Handscomb et al., 2009). 
Details of the calculation of droplet properties in different stages are presented in (Sadafi et 
al., 2014b). Also, it is assumed that the vapour escapes only from the wet area in the third 
stage while during the fourth stage it diffuses through the pores. 
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Figure 24: One-dimensional problem in the transition to rigid crust formation stage 
 
A Lagrangian formulation of the flow field is used to solve the governing equations for the 
first and second stages. A grid with 64 cells in the radial direction is implemented and a fixed 
time step of 0.1 s is used for the transient implicit solution. For the fourth stage, a uniform 
grid distribution with size of 4 μm in the radial direction is implemented and an adaptive time 
step with initial value of 0.05 s is used to obtain the transient implicit solution. Results 
obtained using shorter (half) time steps and spatially-refined grids are found to be within 1% 
of those obtained from the baseline. The obtained results from the model are validated in 
(Sadafi et al., 2014b). 
b. Dimensional Analysis 
From a design analysis point of view, predicting the start time of solid formation (beginning 
of the fourth stage) is a key factor. This, t4th stage, is the time needed for the droplet to reach 
its final size with a completely dry surface. As such, it is an important parameter to monitor 
in order to avoid corrosion of the heat exchanger surfaces and particle deposition or fouling 
of the heat exchanger surface. 
Dimensional analysis was used to determine a relationship between evaporation time, t4th 
stage and the other parameters defining the evaporation process. The obtained relationship 
is: 
 
̂ݐ ൌ ௧ర೟೓	ೞ೟ೌ೒೐௠́೒௠బ,೏ ൌ 	ܨሺܰݑ, ܵݐ, Ω, ܿ଴ሻ  
(10) 
 
here the dimensionless groups are: ̂ݐ, relating the evaporation time to initial droplet mass 
and air mass flow rate; ܰݑ, Nusselt number, ܵݐ,  Stanton number; a temperature ratio Ω ൌ
	 ்బ,೏൫ ೒்ି்ೢ್൯, that includes the effect of relative humidity and ܿ଴, the initial NaCl concentration.  
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Experimental data collected as part of the current study, and presented in section 3 showed 
that a linear relationship exists between dimensionless time and the variable f, defined as:    
 
̂ݐ ൌ ܨሺ݂ሻ ൌ 	ܥଵ 	ൈ ݂; 				 														ݓ݄݁ݎ݁ ݂ ൌ ቀே௨
బ.ర
ௌ௧ Ωܿ଴ି ଴.ଶቁ  (11) 
 
Based on data from the current study the value of the dimensionless constant ܥଵ was 
determined as 8.9 ൈ 10ଽ. 
6. Experimental Study 
In this section, the experimental results for water droplets containing NaCl are presented 
and compared with those from theoretical model. 
a. Experimental Setup 
A schematic of the test rig is given in Figure 25 to create the ambient conditions. A variable 
speed fan is used to provide a wide range of air velocities in a duct of square cross-section 
(5 cm x 5 cm). Before passing through an aluminium flow straightener, the air stream is 
heated using a heater. The 40 cm distance between the flow straighter and the droplet is 
large enough to achieve a uniform time-independent velocity field. The heater resistive wires 
are automatically controlled using a feedback loop to achieve a prescribed temperature as 
measured by the two thermocouples shown in Figure 25. K-type thermocouples suitable for 
the studied temperature range were used. The thermocouple close to the droplet measures 
the dry-bulb temperature, whilst the one further downstream monitors the wet-bulb 
temperature. Relative humidity was calculated from these. The droplet is suspended in the 
channel using a filament and its size is continuously measured by a microscope digital 
camera as described in (Sadafi et al., 2014b).  
As the evaporation progresses (especially after solid formation) the photo capture may be 
inaccurate because the droplet loses its axisymmetric shape. This is because the camera 
only captures one view of the droplet outline at a time. Therefore, in the case of a concave 
or convex shape on the droplet surface, the actual size is missed by the camera. To 
overcome this issue a computer controlled low speed (less than 5 rpm) servo motor is used 
to rotate the filament and the droplet during the experiment. This ensures that the pictures 
of the droplet can be taken from different angles. 
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Figure 25: Schematic diagram of test rig 
b. Test Conditions 
Since the objective of this research is to study the evaporation behaviour of droplet solution 
in dry cooling towers, relevant conditions are chosen for experimental tests. A typical dry 
cooling tower in Queensland operates at around 45oC on hot summer days. However, this 
temperature can be less than 25oC in some periods of a year. Therefore, three temperatures 
of 25, 35, and 45 oC are selected for the ambient air temperature. To study the influence of 
air flow rate on convection heat transfer three air speeds of 0.5, 1.5, and 2.5 m/s were 
chosen to simulate typical air velocities inside cooling towers.  As NaCl is reported to be the 
main solid in the saline water (Kinnon et al., 2010); NaCl solutions with initial mass 
concentrations of 3% and 5% were chosen. These concentrations are relevant to saline 
water available in Queensland, Australia (Kinnon et al., 2010). A range of relative humidity 
values were chosen as it varies throughout the year. A micropipette with the accuracy of 
0.01 µL was used to generate droplets with initial diameters of about 1 mm. 
c. Data Collection/Processing 
Droplet diameter was continuously monitored and recorded using an optical microscope and 
video camera to measure the changes in the droplet size during the experiment. The images 
are processed using MATLAB to extract droplet surface area. Droplet dimensions are 
determined by distinguishing dim pixels in each image and subtracting the filament volume 
from the measured value. This results in the accurate droplet size at each time step.  
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Using the servo motor allows estimating a more accurate size for the droplet by averaging 
images taking at different angles. The minimum and maximum frequency of the servo motor 
is 0.1 Hz and 1 Hz, respectively, whilst the photos are captured at 0.055 Hz.  The uncertainty 
of radius measurements is less than 2.2% with servo speeds of 0, 3, and 6 rpm (using the 
procedure recommended by Moffat (Moffat, 1988)).  
Each experimental test was repeated at least three times. The results fell within the 
respective uncertainty bounds, thereby demonstrating that our laboratory studies are 
repeatable with a high level of reliability. Following the procedure recommended by Moffat 
(Moffat, 1988), the uncertainty in measuring the droplet size is found to be less than 3.68%.  
The accuracies of the K-type thermocouples to measure the dry-bulb and wet-bulb 
temperatures were േ 0.25 oC and relative humidity were calculated based on the measured 
temperatures. 
d. Experimental Results 
The results obtained from the experiment are presented in this section. 
i. Experimental Results for 3% Initial Concentration 
Initial droplet and air conditions are listed in Table 4. 
 
Table 4: Test conditions and initial state of the droplet for 3% initial concentration (see section 3.3 for 
uncertainties) 
Initial radius 
(μm)      (± 
3.68% 
uncertainty) 
Nominal 
Initial 
Concentration 
(%) 
Mean Air 
Velocity 
(m/s) 
Mean Tg 
(oC) 
Mean Twb 
(oC) 
Mean RH 
(%) 
580.3 3 0.5 24.8 19.3 59.4 
578.7 3 0.5 35 24 39.6 
566 3 0.5 44.8 25.5 20.4 
555.6 3 1.5 25.0 19.9 62.2 
555.4 3 1.5 35.0 22.6 33.5 
558.6 3 1.5 44.1 26 23 
538 3 2.5 24.9 19.5 60.2 
559.9 3 2.5 35 22.6 33.4 
546.2 3 2.5 45.0 27.6 26 
 
The measured and predicted particle volumes are shown in Figure 26 According to the 
experimental results for 3% initial concentration at 25 oC and 0.5 m/s air velocity in Figure 
26, after warming up (stage 1) in a proportionally short period compared to the whole 
evaporation time, there is an isothermal evaporation period (stage 2) during which the radius 
reduces until t = 720 s. Next, during crust formation (stage 3) the evaporation rate changes 
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significantly. Finally, the droplet size asymptotically approaches its final radius in the drying 
stage (stage 4).   
According to Figure 26 the predicted radius in the first and second stage of evaporation for 
higher speed is in a good agreement with the experimental results. The experimental results 
show a smoother reduction in radius after the second stage. This is more pronounced at 
lower temperatures. 
  
 
Figure 26: Radius of the droplet for 3% initial concentration and 25 oC 
 
Figure 27 and Figure 28 show the corresponding results for 35 oC and 45 oC for different air 
velocities. As the gas temperature rises, the volume of the droplet decreases at a higher 
rate. 
 
 
Figure 27: Radius of the droplet for 3% initial concentration and 35 oC 
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Figure 28: Radius of the droplet for 3% initial concentration and 45 oC 
 
Figure 29 shows the corresponding predicted surface temperature for different tests with 3% 
initial concentration. As seen, there is an isothermal evaporation in the second stage 
followed by a temperature increase during the third stage. The temperature then 
asymptotically approaches the gas temperature by the end of the fourth stage which is in 
accordance to (Elperin & Krasovitov, 1995; Nešić & Vodnik, 1991; Sadafi et al., 2014b). As 
shown in Figure 29, the droplet temperature falls down slightly to wet-bulb temperature at 
25 oC, but it rises for 35 oC and 45 oC. This is due to difference between initial temperature 
and wet-bulb temperature. 
 
 
Figure 29: Droplet temperature for 3% initial concentration 
 
ii. Experimental Results for 5% Initial Concentration 
Initial conditions of the tests for 5% initial concentration are stated in Table 5.  
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Table 5: Test conditions and initial state of the droplet for 5% initial concentration (see section 3.3 for 
uncertainties) 
Initial radius 
(μm)      (± 
3.68% 
uncertainty) 
Nominal 
Initial 
Concentration 
(%) 
Mean Air 
Velocity 
(m/s) 
Mean Tg 
(oC) 
Mean Twb 
(oC) 
Mean RH 
(%) 
554.6 5 0.5 25.1 21.3 71.2 
543.2 5 0.5 35 23.8 38.6 
549.8 5 0.5 45.0 25.3 19.4 
542.6 5 1.5 24.9 20.3 65.4 
558.6 5 1.5 35 23.2 35.9 
547.4 5 1.5 45.0 28.9 29.9 
551.8 5 2.5 24.7 21.0 71.8 
548.6 5 2.5 35.1 24.8 42.7 
533.3 5 2.5 45.1 28.6 28.9 
 
Figure 30.a shows the predicted as well as the experimentally-measured volume of the 
droplet when the air temperature is set at 25 oC. Note that the predicted final sizes of the 
droplets are 269 μm, 259 μm, and 267 μm for 0.5, 1.5, and 2.5 m/s air velocity, respectively. 
The initial radii of these droplets are slightly different as shown in Figure 30. 
 
 
Figure 30: Radius of the droplet for 5% initial concentration and 25 oC 
 
Figure 31 shows the experimental data and simulated results for 35 oC gas temperature at 
different air stream velocities. The predicted final volumes are in a good agreement with the 
experimental results.  
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Figure 31: Radius of the droplet for 5% initial concentration and 35 oC 
 
As shown in Figure 32 the predicted final solid volumes for different air velocities in 45 oC 
perfectly correspond to those measured in the experimental tests. Moreover, as the air 
velocity increases the agreement between the model prediction and experimental data 
improves. Also, due to higher volume of NaCl for 5% initial concentration, the final volume 
of the solid particle is proportionally larger than that observed for 3%.  
 
 
Figure 32: Radius of the droplet for 5% initial concentration and 45 oC 
 
Figure 33 shows the predicted surface temperature of the droplet for 5% initial concentration 
for different air velocities and temperatures. As a common trend among all plots; an increase 
occurs after relatively long constant temperature evaporation in the second stage. The 
increase in temperature is more gradual for lower temperatures and air velocities. Finally, 
the plots approach their respective surrounding gas temperature. As shown by Figure 33, 
the predicted temperatures for 1.5 m/s and 2.5 m/s at 25 oC and 35 oC are very close. This 
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is because the relative humidity at 25 oC and 35 oC for 2.5 m/s is 4.46% and 4.92% more 
than the ones at 1.5 m/s, respectively. More humid ambient air results in longer evaporation 
time. However, this is compensated for by higher air velocity resulting in similar evaporation 
rates for these cases. 
 
 
Figure 33: Temperature of the droplet for 5% initial concentration 
7. Discussion 
 
Early formation of floating solid particles before reaching critical concentration was observed 
during the experiments and proved the existence of a transient stage and consequently 
gradual crust formation. According to Eq. (5), at the initial evaporation stage, rate of change 
of droplet mass is a linearly related to droplet surface area (proportional to d2). This also 
applies for a solid containing liquid droplet at Re < 150 (Dunskii & Yatskov, 1978). 
Therefore, during this stage V2/3 has a linear relationship with time. Figure 34 shows the 
stages switch-points and also the obtained improvement in the theoretical model. In this 
figure, onset of the transient stage is marked as point “A”. Here, volume to power of 2/3 
stops to change linearly with time. Point “A” is defined as the point in time when the 
experimental data deviates by more than 1% from the initial slope. After this point in time, 
the first solid particles were observed in the experimental results also. 
Point “B” shows the end of transient stage (start of drying stage where the droplet diameter 
remains constant). Point "B" is defined as the point, where the experimentally 
measured volume is within 1% of the final volume. The corresponding lines to determine the 
start and end of transient stage are shown in Figure 34. As shown by the data, in 
the transient stage, the model used in the current study predicts the volume change more 
accurately than the existing 3-stage model in the literature. 
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Figure 34: Start (A) and end (B) of transient stage; improvement in theoretical results in this stage 
 
Figure 35 shows the experimental data plotted in accordance to Eq. (10). As can be seen in 
Figure 35 all the recorded data collapses on a single line confirming the linear relationship. 
The filled symbols represent the experimental results, whilst the empty ones show the 
predicted results based on the 4 stage model. 
 
 
Figure 35: Presented correlation to determine solid formation time 
 
In addition to the experimental and model results, additional experimental tests for 10% 
initial concentration and different temperatures were performed to show the generality of Eq. 
(10) in Figure 35. The lowest measured t4th stage had 10% initial concentration, 2.25 m/s air 
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velocity, and 83.5 oC air temperature. The initial radius of the droplet for this test is 520 μm. 
The experimental value of t4th stage is 49 s whilst the model predicts 44.9 s. 
Figure 35, demonstrates that Eq. (10) is a very reliable prediction of t4th stage especially for 
higher air temperatures, velocities, and initial concentrations. The R2 value for the correlation 
is 0.9684 and the maximum error is 6.26% which is related to 5% initial concentration, 35 
oC, and 1.5 m/s air velocity. The experimental results show a better agreement with 
predicted values for smaller droplet sizes and lower wet-bulb temperatures (lower relative 
humidity). 
a. Test Conditions 
Using the model results, the fraction of start time of crust formation for saline droplets to the 
evaporation time of pure water droplets with the same initial conditions are listed in Table 6. 
As initial concentration rises, the time of reaching the final size decreases. This time fraction 
is between 75.46% to 81.11% and 67.07% to 73.8% for 3% and 5% initial concentrations, 
respectively. The change in evaporation time in a function of ambient air temperature, 
relative humidity, velocity, and droplet initial size. 
 
Table 6: Evaporation time for 3 and 5% initial concentration (see section 3.3 for uncertainties) 
3% Initial Concentration 
Initial 
radius 
(μm) 
Mean Air 
Velocity 
(m/s) 
Tg-Twb 
(oC) 
Mean 
RH 
(%) 
Crust 
Formation 
Time (s) 
Evaporation Time 
of Pure Water (s)  
Time Fraction 
(%)    (t4th 
stage/tevaporation) 
580 0.5 5.5 59.4 861 1141 75.5 
575 0.5 11 39.6 432 565 76.5 
566 0.5 19.3 20.4 245 322 76.1 
556 1.5 5.1 62.2 647 815 79.4 
558 1.5 12.4 33.5 274 346 79.2 
559 1.5 18.1 23 185 234 79.1 
538 2.5 5.4 60.2 498 614 81.1 
560 2.5 12.5 33.4 221 292 75.7 
547 2.5 17.4 26 151 196 77.0 
5% Initial Concentration 
555 0.5 3.8 71.2 1002 1494 67.1 
544 0.5 11.2 38.6 340 504 67.5 
550 0.5 19.7 19.4 214 303 70.6 
543 1.5 4.6 65.4 628 851 73.8 
559 1.5 11.8 35.9 252 364 69.2 
548 1.5 16.1 29.9 176 249 70.7 
552 2.5 3.7 71.8 643 892 72.1 
549 2.5 10.3 42.7 238 327 72.8 
534 2.5 16.4 28.9 138 194 71.1 
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From the energy point of view, using saline water in spray cooling systems affects the heat 
transferred to the droplets. The evaporative heat transfer declines because the initial 
concentration of the droplets with the same sizes increases (the water content decreases). 
Figure 36 shows the total evaporative heat transfer to single droplets with various sizes for 
3% and 5% initial concentration as well as pure water. The studied gas temperatures are 
25, 35 and 45 oC. The average heat transfer reduction for 3% and 5% initial concentrations 
are 7.3% and 12.2%, respectively, for the studied size rage. 
  
 
Figure 36: Evaporative heat transfer for saline and pure water droplet  
 
According to Figure 36 and Table 6 an increase in the initial concentration has two major 
effects. Firstly, the accumulative heat transfer energy decreases. Secondly, the start time of 
crust formation reduces. Reduction in heat transfer due to using saline water in spray cooling 
can easily be compensated for by larger mass-flow rate because of the availability of saline 
water. The second consequence leads to optimizing the distances between the spray nozzle 
and the heat exchanger in the cooling tower. This is mainly because after this time the 
chance of corrosion of heat exchanger surfaces and deposition on the devices declines due 
to the solid crust of the particles. Therefore, these two effects should be taken into 
consideration while designing a cooling tower with air pre-cooling using spray water. 
8. Conclusion 
A robust mathematical model was presented that can be applied for a wide range of initial 
and boundary conditions to predict the behaviour of evaporating saline water droplets. This 
model was validated with a comprehensive set of experimental tests. These tests were 
performed for different air velocities, gas temperature and initial concentrations. The 
experimental correlation suggests the start time of crust formation. Replacing pure water by 
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saline water in cooling systems has two important effects: lower heat transfer rate, and a 
shorter time with wet surface. The first effect can be compensated by using a larger volume 
of water whilst the second effect allows a decrease of the distance between the nozzle and 
heat exchanger. Further work is needed to study the behaviour of droplets in spray cooling 
systems. Specifically the total displacement, corrosion levels and deposition of solid 
particles need to be investigated. 
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2.3. Paper 3: On the influence of low-power laser source on the evaporation of 
single droplets: experimental and numerical approaches 
Laser based measurement techniques are widely used in the field of particle sizing, 
thermometry, and velocimetry. For example, standard rainbow thermometry is a laser 
scattering method which is used to measure the refractive index (hence temperature) and 
diameter of a single transparent particle. As another example, the 'glory' phenomenon is an 
interference pattern produced by backscattering of light of spherical water droplets. A 
problem associated with all laser methods is the associated laser power, which leads to 
faster evaporation. In this article a robust model is presented to simulate the heat and mass 
transfer of a single droplet exposed to a low-power laser source, so that this effect can be 
considered in the analysis of experimental data. In the model laser power is considered as 
an energy source term, which results in a significant increase in the evaporation rate. The 
described models are validated by experimental results obtained in this study. It is shown 
that as initial salt concentration increases, the evaporation rate increases (drying time 
decreases). This is due to increase in absorption coefficient of NaCl-water solutions.  
The outcome form this work shows that the energy absorbed while using low-power laser 
sources in a laser based optic measurement technique should be taken into consideration 
and methods are presented to correct for these effects. 
This article partially addresses the research aim #1 (Investigation of evaporation from single 
pure and saline water droplets).  
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Abstract 
This work investigates the influence of laser power on an evaporating single droplet made 
from an H2O & NaCl mixture. Heat and mass transfer of a single droplet with the presence 
of a low-power laser source (as He-Ne laser) is studied both numerically and experimentally 
in this article. A new model is presented to simulate water droplet evaporation. The model is 
robust enough to be applied for various initial concentrations and conditions of the droplet, 
ambient conditions, and dissolved media properties. Moreover, laser energy is taken into 
consideration as a source term which is a function of the wave length of the source beam 
and refractive index of the droplet. Considering the involved parameters, the model is 
implemented in a MATLAB code and validated using experimental data obtained in this 
study on top of those already available in the literature. 
Experimental data were collected for droplets with an initial radius of 500μm at room 
temperature for three initial concentrations of 3%, 5%, and 10% (by mass) of NaCl in water 
as well as pure water droplet to provide a comprehensive validation dataset. It is shown that 
low-power laser source significantly increases the evaporation rate (2.7 to 5.64 for 0% and 
10% initial concentration of salt, respectively) which must be taken into consideration while 
using laser based measurement techniques. 
Keywords: Saline water; evaporation; laser source; single droplet; heat and mass transfer. 
1. Introduction  
Laser based measurement techniques are widely used in the field of particle sizing, 
thermometry, and velocimetry.  
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Standard rainbow thermometry (SRT) is a laser scattering method which is used to measure 
the refractive index (hence temperature) and diameter of a single transparent particle (M. R. 
Vetrano, Johannes van Beeck, & Riethmuller, 2005). As another example, glory is an 
interference phenomenon produced due to backscattering of laser light by water droplets 
(Ruiz, Vetrano, & van Beeck, 2014).  
However, the absorption of laser energy also alters the evaporation process. This study aims 
to quantify and predict this effect. 
To simulate the evaporation process from a solid containing droplet, researchers have 
suggested two (Abuaf & Staub, 1985; Elperin & Krasovitov, 1995) and three-stage models 
(Dalmaz et al., 2007; Farid, 2003; Mezhericher et al., 2007; Nešić & Vodnik, 1991). In 
general, the evaporation of droplets can be described as follows (see Figure 37): 
1. The droplet is warmed/cooled to be close to ambient conditions, 
2. Evaporation takes place during an isothermal phase, 
3. First particles form at the bottom of the droplet (Charlesworth & Marshall, 1960) and 
grow to cover the upper part, 
4. The remaining water is then evaporated followed by complete drying. 
The slow formation of the crust is considered in the mathematical modelling by Sadafi et 
al.(Sadafi et al., 2014b). In their four-stage model they showed that the droplets shrink even 
after presence of solid particles on the surface which results in a better agreement with the 
experimental results compared to former models (Sadafi et al., 2014b).  
 
 
Figure 37:  Stage of evaporation of a solid containing water droplet (Sadafi, Jahn, Stilgoe, & Hooman, 2014a) 
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Handscomb and Kraft described a generalized model with different possible sub-models for 
evolution of the droplets following shell formation which includes slow boiling after dry shell 
formation (Handscomb et al., 2009).They demonstrated that morphology of droplet plays a 
key role in the droplet evolution after shell formation. Under certain circumstances, a further 
isothermal stage may exist after shell formation. 
Recent experimental studies on a single droplet have been performed using thin filaments 
to hold the droplet. Temperature measurements of the droplet were performed using two 
thermocouples in the experimental study by Qi Lin and Chen (Qi Lin & Chen, 2002). Those 
authors measured the diameter and weight of skim milk droplets to show that droplets could 
remain attached to the filament knobs even after the formation of solid parts (Qi Lin & Chen, 
2002). Chew et al. used a heated glass filament which was also used as a thermocouple to 
measure the (high solid concentration milk) droplets temperature (Chew et al., 2013b). Using 
a microscope digital camera, Sadafi et al. monitored the droplet size at low air velocities to 
note that the droplets shrink after crust formation in slow evaporation under standard room 
conditions (Sadafi et al., 2014b). In a subsequent study, Sadafi et al. (Sadafi, Jahn, Stilgoe, 
& Hooman, 2015b) monitored the saline water droplet size at different ambient conditions 
using microscope digital camera. They showed that for 500 μm radius droplets with 3% and 
5% initial NaCl mass concentrations the net energy required to evaporate the droplet falls 
by 7.3% and 12.2%, respectively (compared to a pure water droplet). Also, compared to the 
time of evaporation of a pure water droplet, the period with wet surface is shorter as a result 
of crust formation around the saline water droplet. This allows a shorter distance between 
spray nozzles and heat exchangers (M. H. Sadafi, I. Jahn, et al., 2015b). 
In this work, the effect of laser on the evaporation of a suspended droplet is investigated 
both numerically and experimentally. The output of this work helps researchers to determine 
the energy absorbed by a single droplet while using laser based measurement techniques. 
2. Mathematical Modelling 
The four-stage model developed by Sadafi et al. (Sadafi et al., 2014b; M. H. Sadafi, I. Jahn, 
et al., 2015b) was used in this study and is briefly described in this section. It should be 
mentioned that as this paper focuses on cooling tower conditions, the conditions above the 
boiling points and fracture of the porous shell due to pressure rise of the gas-vapour mixture 
are beyond the scope of the current study. However, increase of saturated pressure due to 
temperature rise is being taken into consideration. 
According to this model, during the first stage of evaporation, the temperature of a saline 
water droplet adjusts to approach the wet-bulb temperature. Evaporation in this stage is 
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negligible compared to the later stages. Next, the second stage starts and the droplet size 
decreases. This stage is an approximately isothermal process with a nearly constant radius 
reduction and drying rate (Handscomb et al., 2009). As water evaporation continues, solid 
concentration rises to the critical concentration which, in turn, depends on the solid 
properties (27.47% by mass for NaCl in water (Bharmoria et al., 2012)). Once the critical 
concentration is reached, the third stage kicks off and solid crystals are formed in the lower 
part of the droplet. Then, they start to extend up to the droplet sides as the third stage 
progresses. Finally, the fourth stage starts once a solid crust forms around the entire droplet. 
This solid crust then grows in thickness until almost all the liquid is evaporated. This crust is 
assumed to be a porous medium allowing the diffusion of water vapour through its pores, 
behaving equivalent to Stefan tubes (Mezhericher et al., 2007). 
Figure 38 shows the formed pores on the main crystals. The average diameter of these pores 
is 1 μm. During the drying progress, the water mass fraction decreases and the water is 
replaced by air and vapour in the pores.  
 
 
Figure 38: Close-up image of pores on NaCl crystal surface using scanning electron microscopy (SEM). 
Secondary NaCl crystals are created by vapour solidifying at pores (M. H. Sadafi, I. Jahn, & K. Hooman, 
2015). 
 
Assuming axisymmetric shape for the droplet, homogenous properties (in the temperature 
adjusting and isothermal evaporation stages), and neglecting directional forces (e.g. gravity) 
(Ranz & Marshall, 1952), the energy equation for the droplet is(Mezhericher et al., 2007): 
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(1) 
 
where T is the temperature (of the droplet in the first and second stages or of the crust or 
wet-core during the fourth stage). The source terms due to laser energy (SL) determined as 
follows: 
 
	 (2) 
 
where SL,d and SL,N are the source terms due to the laser power absorbed by the droplet 
and Needle per volume of the droplet, respectively.  
From Beer-Lambert law the absorbed energy is given as (Ingle & Crouch, 1988): 
 
 (3) 
 
Here,  is attenuation coefficient which is a function of salt concentration as well as the 
laser beam wave length. For NaCl solutions, the corresponding attenuation coefficient was 
measured experimentally as part of the current study. Based on these the source term for 
the model can be evaluated.  
In a case with a suspended droplet using a needle, considering a Gaussian profile for the 
laser beam, the hitting of laser beam to the droplet is shown in Figure 39. If the laser beam 
spot size is larger than the droplet size, a part of the laser hits the needle as well which is 
taken into consideration in this work. The source terms due to laser beam hitting the needle 
(SL,N) is:  
 
 (4) 
 
where  is the porosity of the needle which according to Kirchhoff’s law is equal to the 
coefficient of absorption (Chandrasekhar, 1960). 
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  Figure 39: Hitting of laser beam to the droplet and the needle. 
By assuming the needle as an infinite fin the source terms due to conduction through the 
needle (SCon) is (Incropera, 2007): 
 
 (1) 
 
where . Eq. (5) is valid when: 
 
 (2) 
 
After crust formation in the fourth stage, the solid crystal acts as a heat transfer resistance 
between the needle and the wet-core. Therefore, the source terms of SCon and SL,N are 
neglected in this stage. Also, due to the same effect of the crust, the effect of laser power in 
the evaporation of the wet-core (SL,d) is neglected in the fourth stage. 
The following boundary conditions are applied for the first and second stage in Eq. (1): 
 
 (3) 
 
where rd is the droplet outer radius in the first and second stage. The following conditions 
apply for the fourth stage: 
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 (4) 
 
where rinterface is the radius of the interface between the wet-core and the crust and rcr is the 
outer radius of the crust. The evaporating liquid diffuses through the pores to allow the 
evaporation. As the latent heat is dominant compared to sensible heat (only in isothermal 
evaporation stage and for the wet-core in the fourth stage), the energy balance equation 
applied to the first and second stages and the wet-core in the fourth stage can be simplified 
to (Mezhericher et al., 2007): 
 
 (5) 
 
where Ad in the fourth stage is the area of a sphere radius of which is equal to that of the 
crust (constant). Changes in the droplet radius in the first two stages and the wet-core radius 
in the fourth stage are determined by solving Eq. (10) (Mezhericher et al., 2007).  
 
 (6) 
 
To calculate the wet-core radius in the fourth stage, the left hand side of Eq. (10) is multiplied 
by the porosity resulting in: 
 
	 (7) 
 
The vapour mass flow rate from the wet-core in the fourth stage is obtained using Eq. (12) 
as described in (Sadafi et al., 2014b): 
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 (8) 
 
where pv is the vapour pressure at the interface of the crust and the wet-core and Dv is 
vapour diffusion coefficient. Here, it is assumed that the vapour diffuses through a number 
of Stefan tubes. The argument in the logarithmic term shows the vapour mass concentration 
gradient through the pore. The multiplier is the density of the vapour times the vapour 
diffusion coefficient and the pore cross-sectional area. Besides, β is an empirical factor 
which depends on the structure of the crust. It should be mentioned that for simplification in 
calculation of mass flow rate in the fourth stage the steady state equation is used. 
To calculate the heat and mass transfer coefficients at the gas-liquid interface when gas is 
forced to flow over (and around) the droplet(during the first and second stages), the 
correlations from Ranz and Marshall (Ranz & Marshall, 1952) are used: 
 
 (9) 
 
(10) 
 
By adding a weighting factor “z” the equations of the evaporation and drying (second and 
fourth) stages are blended (M. H. Sadafi, I. Jahn, et al., 2015b).  
A Lagrangian formulation of the flow field is used to solve the governing equations for the 
first and second stages. A grid with 64 cells in the radial direction is implemented and a fixed 
time step of 0.1 sis used for the transient implicit solution. For the fourth stage, a uniform 
grid distribution with size of 4μm in the radial direction is implemented and an adaptive time 
step with initial value of 0.05s is used to obtain the transient implicit solution. Results 
obtained using shorter (half) time steps and spatially-refined grids are found to be within 1% 
of those obtained from the baseline. The obtained results from the model without source 
terms are validated in (Sadafi et al., 2014b; M. H. Sadafi, I. Jahn, et al., 2015b). 
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3. Experimental Study 
3.1. Experimental Test Rig 
The experimental apparatus as well as the processing routines to optically measure droplet 
evaporation are presented in Figure 40. The test rig was installed on an optical table. A 35 
mW laser source with the wave length of 632.8 nm was used to produce the inlet energy 
source. The laser beam diameter was 1.23 mm. The laser beam reached the droplet after 
hitting a 90 degree mirror. The droplet was suspended using a syringe with the diameter of 
0.33 mm. A digital camera with a sensor of 1392 × 1024 pixels was used to monitor the size 
change of the droplet using shadowgraph method. The maximum uncertainty of the image 
processing was less than 3.5%. 
 
 
Figure 40: Test rig; low-power laser source, 90o mirror, lens, digital camera, and droplet. 
3.2. Attenuation Coefficient of the Solution 
To measure the attenuation coefficient of NaCl-water different solutions with a range of mass 
concentrations of salt were prepared. Then, the samples were exposed to a known laser 
beam.  
 
 
Figure 41: Influence of NaCl concentration on the attenuation coefficient of the solution 
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Throughout the experiment, the laser attenuation is measured using a detector placed 
behind the droplet. This allows a direct measurement of the attenuation coefficient and its 
variation as the droplet concentration and size evolves. The obtained results are shown in 
Figure 41. 
3.3. Experimental Results 
To investigate the influence of laser energy on the evaporation from an evaporating droplet, 
different NaCl concentrations of 0%, 3%, 5%, and 10% were tested in the room temperature. 
The corresponding results are shown in Figure 42 to Figure 45, respectively. 
 
Figure 42: Influence of laser power on evaporation rate of a pure water droplet at room temperature. 
 
Figure 42 shows the volume ratio of a single pure water droplet versus time using laser as well 
as laser free evaporation. As shown in this figure, in both cases the predicted values and 
experimental results show a good agreement during the whole process. In the case of use of 
laser source, the experimental results show a considerable change in evaporation time 
compared to the laser free evaporation which is due to the absorbed external energy by the 
droplet. The evaporation time ratio for the pure water is 2.71. This ratio is defined as the 
evaporation time for a single droplet without laser divided by the evaporation time using a 
laser beam.  
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Figure 43: Influence of laser power on evaporation rate of a 3% NaCl-water solution droplet at room 
temperature. 
 
Figure 43 shows the volume ration of the droplets with 3% initial concentrations. Sadafi et al. 
(M. H. Sadafi, I. Jahn, et al., 2015b) presented a criterion to distinguish between the different 
stages of evaporation based on experimental results using d2 law. Using this criterion and 
considering the experimental results without laser source, the beginning of the transient stage 
is at 805 s which is in a good agreement with the numerical value of 818 s. Also, the end of 
transient stage (start of drying stage) for experimental and theoretical results is 1950 s and 
1802 s, respectively.  
It is shown in Figure 43 that using saline water droplet increases the time ratio. Here, the initial 
concentration of the saline water is 3% by mass. As the initial NaCl concentration increases, 
the energy absorbed by the droplet rises and consequently the evaporation rate increases 
and the drying time is shortened. This change in the evaporation time is shown in Figure 44 
and Figure 45. The reason for the increased energy absorbed by the droplet is the influence 
of NaCl concentration on the refractive index of the droplet which changes the attenuation 
coefficient of NaCl-water solutions ( in Eq. (3)). 
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Figure 44: Influence of laser power on evaporation rate of a 5% NaCl-water solution droplet at room 
temperature. 
 
According to Figure 42 to Figure 45 and Table 7, using laser power to study the evaporation of a 
single droplet results in a faster evaporation rate compared to laser free evaporation. This is 
because the evaporation rate in presence of laser beam highly depends on attenuation 
coefficient of NaCl-water solutions.  
 
Figure 45: Influence of laser power on evaporation rate of a 10% NaCl-water solution droplet at room 
temperature. 
For example in the case of the 3% droplet, the coefficient  increases from 1.28 m-1 to 8.02 
m-1 (at 0 s and 528 s, respectively), leading to an increase in absorbed energy from 5.57 10-
5 W to 8.29 10-5 W. 
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Table 7 compares the evaporation time ratio for pure water droplet, 3%, 5%, and 10% NaCl 
initial concentration. For saline water, this ratio is defined as the time of solid particles 
formation (beginning of the third stage) for a single droplet without laser divided by this time 
using a laser beam. 
Table 7: Evaporation time ratio for different initial NaCl concentrations. 
Single droplet Initial radius (µm) Evaporation time ratio (-
) 
Pure water 627.8 2.73 
3% initial concentration 494.5 2.8 
5% initial concentration 623.5 3.52 
10% initial concentration 516 5.64 
 
As the concentration rises by time, this coefficient increase which compensates the lower 
evaporation rate occurring after crust formation (stages three and four). Thus, there is a 
uniform evaporation rate while using laser power. It should be stated that the model is valid 
for the working conditions studied in this research. 
4. Conclusions 
A robust model is presented to simulate the heat and mass transfer of a single droplet 
exposed to low-power laser source. Laser power is considered as a source term, which 
results in a significant increase in the evaporation rate. Experimental results obtained in this 
study, validate the described model. It is shown that as initial salt concentration increases, 
the evaporation rate rises (drying time decreases). This is due to increase in attenuation 
coefficient of NaCl-water solutions. Therefore, the energy absorbed while using low-power 
laser sources in a laser based optic measurement technique must be taken into 
consideration. The developed model allows a correction to be performed to account for the 
absorbed energy. 
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2.4. Conclusion 
In this chapter, the fundamental knowledge required for this thesis was achieved. To 
investigate usage of saline water in evaporative cooling in a NDDCT, the basic 
understanding regarding the evaporation of single saline water droplets is necessary. 
Therefore the nature of this process was studied both numerically and experimentally. 
A numerical model is presented to simulate the evaporation process that divides into four 
stages. This includes an additional stages compared to the existing models in literature. The 
newly introduced stage is the transition from isothermal evaporation to a rigid crust formation 
around a droplet. This modification achieves a better agreement between simulation and 
experimental results. The model is validated for a wide range of initial and boundary 
conditions according to a natural draft dry cooling tower. Different ambient conditions were 
generated using an automatic fan and a computer-controlling heater to set the desired air 
velocity and dry-bub and wet-bulb temperatures, respectively in a small wind tunnel.  
The observations from SEM images provided new knowledge on simulation of saline water 
droplet evaporation were the majority of the measured pore sizes ranged between 0.5 µm 
to 2 µm, making the Stefan’s tube assumption in the model valid. 
Based on the results from experimental studies and numerical simulations in this thesis, a 
dimensionless correlation is achieved which predicts the evaporation time of single saline 
water droplets at different initial and boundary conditions. The correlation is useful to 
estimate the time required to obtain dried-surfaced droplets with different size and 
concentrations at different ambient conditions. Obtaining droplets with dry surface is 
important because, after this time the risk of corrosion and deposition of wet salt particles 
on metal surfaces is decreased. 
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CHAPTER 3: Saline Water Spray Cooling 
Chapter three investigates the usage of saline water in spray cooling. To study the 
effectiveness of saline water over pure water in a spray assisted NDDCT, a modified 
numerical model is developed and validated against experimental results. Research aims 
#2, and #3 are addressed in this chapter, which includes three published journal articles. 
First, a new numerical model is presented (paper 4). The results obtained from simulation 
of saline water spraying are compared with the case using pure water. Next, this model is 
validated against experimental results (paper 5). Finally, an analysis on the influence of 
nozzle arrangement on cooling performance in a spray assisted natural draft dry cooling 
tower is studied (paper 6). It is shown that using saline water in spray cooling, not only 
preserves natural water sources and leads to budget saving, but also may improve the 
cooling performance of cooling system. 
A summary of the outcomes from these papers and their relevance to the overall research 
goal of the thesis is provided in section 3.4 
3.1. Paper 4: Cooling performance of solid containing water for spray assisted dry 
cooling towers 
Cooling performance of saline water spraying in a NDDCT representative geometry is 
investigated in this article. To allow simulation of large scale interactions between individual 
saline water droplets and air flow a set of modifications are made to the multicomponent 
discrete phase model (DPM) of ANSYS FLUENT. This provides a novel model to simulate 
the process. After validation of the model for a single droplet, a practical spraying model with 
a single nozzle in a vertical flow path with 2 m/s velocity at 40 oC gas temperature and 40% 
relative humidity is studied. By comparing results using pure water and saline water as the 
coolant, it is shown that saline water has improved cooling performance for short distances 
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downstream of the nozzle. At the same time the results show that saline water results in a 
shorter distance downstream of the nozzle being covered in a wet stream. This can allow 
designers to reduce the distance between the nozzle and the heat exchangers in cooling 
towers using saline water. 
This article partially addresses the research aims #2 and #3. 
  
102 
 
Cooling Performance of Solid Containing Water for Spray Assisted Dry Cooling 
Towers  
 
M. H. Sadafi*, I. Jahn, K. Hooman 
 
School of Mechanical and Mining Engineering, The University of Queensland, QLD 4072, 
Australia 
 
Abstract 
This article investigates the performance of saline water, compared to pure water in spray 
cooling and demonstrates the existence of several advantages. To simulate the 
crystallisation behaviour of saline water droplets, a set of modifications are made to the 
multicomponent discrete phase model (DPM) of ANSYS FLUENT. After validation against 
single droplet data, a practical spraying application with a single nozzle in a vertical flow 
path is studied. The results are compared with a similar case using pure water as the 
coolant. It is shown that using saline water for spray cooling improves cooling efficiency by 
8% close to the nozzle. Furthermore, full evaporation takes place substantially earlier 
compared to the pure water case. The mechanism behind this phenomenon is explained. 
The consequence of this is a reduction of up to 30% in the distance between nozzle and the 
creation of a dry gas stream. This paper provides new fundamental understanding in the 
area of saline spray cooling, and shows that the use of saline water can lead to a number of 
benefits, such as reduced water costs (compared to pure fresh water), reduced 
infrastructure costs (more compact cooling towers), and improved cooling performance.   
 
Keywords: saline water; hybrid cooling; scanned electron microscope; discrete phase 
model; multicomponent; heat and mass transfer 
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1. Introduction 
The efficiency of a dry cooling tower reduces on hot days. For instance, in arid areas 
production capacity losses of about 50% are predicted (Andrea Ashwood & Desikan 
Bharathan, 2011). To enhance the performance of dry cooling towers, hybrid cooling 
methods are suggested to decrease inlet air temperature. The two most common hybrid 
methods available for dry cooling systems are: evaporative spray cooling and water deluge 
cooling which both cool the inlet air. Spray assisted dry cooling towers are more efficient 
and cost effective in arid areas as they do not require a large volume of water. In liquid spray 
cooling systems, small droplets are used to maximise the contact area between liquid and 
air resulting in higher total heat and mass transfer (Andrea Ashwood & Desikan Bharathan, 
2011). For instance, water sprays in Kogan Creek power station, Australia consume 140 l/s 
water on hot days to improve the total power production from 720 to 740 MW. Khan et al. 
showed that heat transfer while using water spray in a cooling tower is dominated by 
evaporation (up to 90% close to the nozzles) which results in a high rate of transferred 
energy (Khan, Yaqub, & Zubair, 2003). 
Comparing the two common hybrid cooling methods, the evaporative spray cooling is more 
effective as the pressure drop on the air stream due to spray of water is small and may be 
neglected (Chaker, 2006). However, the temperature and relative humidity changes are the 
main assets. Al-Amiri et al. (Al-Amiri et al., 2006) reported that 100% saturation efficiency 
on the inlet air can be achieved in specific conditions. In their method, the large contact area 
provided by atomization, increases the total heat transfer to the spray and decreases the air 
temperature while the moisture content is rising (Al-Amiri et al., 2006). Nonetheless, the size 
of the droplets plays a key role in full evaporation. High pressure nozzles are used to 
generate small droplets. Wachtell (Wachtell, 1974) showed that the droplet with the size of 
20 μm or less can provide full evaporation in his experimental study. Since working 
conditions are involved in the process, different researchers found different droplet sizes for 
complete evaporation (Branfield, 2003; Rubin, 1975). Alkhedhair et al. (Alkhedhair et al., 
2013) performed a CFD analysis on a single spray nozzle for different air conditions. They 
showed that 81% of the water content of the spray evaporates at 40 oC and 40% relative 
humidity. Also, 8.1 oC temperature drop can be achieved for 20 μm at 1 m/s air velocity. 
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They showed that the air velocity is an important parameter for the droplets trajectory 
(Alkhedhair et al., 2013). 
However, as hot areas are typically arid spray cooling faces the obvious challenge of fresh 
water scarcity. In these regions using saline water for cooling applications, would provide 
more efficiency and power generation, without adversely affecting the scarce fresh water 
resource.  
The use of saline water does not only lead to design improvements for the spray cooling 
system, as outlined through the analysis presented in this paper, but can also lead to 
economical and environmental benefits. For example, after considering the capital and 
operational costs, Fabricio et al. showed that the using seawater as the cooling fluids 
reduces cooling utility duties by 49.69% (Nápoles-Rivera et al., 2013). 
Another example for such water is coals seam gas (CSG) water which is the rejected waste 
water produced during coal seam gas production. For instance, in arid areas in Queensland, 
Australia a large volume of CSG water is produced during the production of natural gas from 
coal-bed methane. By using and consuming this water an additional environmental benefit 
is attained (Kinnon et al., 2010). Methane desorbs from coal if pressure is decreased in the 
underground reservoir by water pumping (Rice & Nuccio, 2000). Therefore, here CSG water 
is available as a valuable source for spray cooling systems. There are, nonetheless, some 
dissolved and insoluble materials in this water. Kinnon et al. showed that NaCl is the main 
salt in the CSG water from coal-bed methane production in Bowen Basin in Queensland 
which constitutes about 84% (mass based) of the total dissolved salt (Kinnon et al., 2010). 
Due to the similarities between the physical properties of NaCl and the other dissolved salts, 
the CSG water may be considered equivalent to water containing NaCl (saline water). 
A negative side effect of using saline or CSG water is that all metal surfaces, particularly the 
heat exchanger surfaces are exposed to corrosion and solid particle (salt) deposition. 
Chloride ions in the water increases the rate of corrosion on the surface of the heat 
exchanger (Bahadori et al., 2013). While this is undesirable, there are a number of 
engineering solutions to overcome this problem. 
First, the hybrid cooling tower can be designed to avoid contact between liquid droplets 
(vapour) and surfaces. By ensuring evaporation of the droplets is complete before they 
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reach the heat exchanger surfaces, the reactiveness of the saline solution is reduced (Liu 
et al., 2012) and cooling is maximised. 
Second, corrosion resistive materials can be used. For example, Condamine power station 
in Australia uses CSG water to cool the condenser (see Figure 46). Here corrosion is 
avoided by the use of a titanium condenser and fibreglass transmitting pipelines. 
 
Figure 46: Using corrosion resistive materials in a saline water cooled plant; (a) Titanium condenser, (b) 
fiberglass transmitting pipe. 
Other approaches to inhibit corrosion include the use of various paints and surface 
treatments (Kronenberg & Lokiec, 2001; Ohwaki et al., 2014) and controlling cooling water 
temperature (Kronenberg & Lokiec, 2001; R. Rao & Patel, 2011). 
Sadafi et al. (Sadafi et al., 2014b) simulated the evaporation process from a solid-containing 
droplet including the slow formation of the crust. In their model, the evaporation process is 
split to four stages: temperature adjustment, isothermal evaporation, transition to crust 
formation, and drying out. This results in a better agreement with the experimental results 
compared to existing models (Sadafi et al., 2014b).This work and previous studies by Rezaei 
et al. (Rezaei, Shafiei, & Abdollahnezhad, 2010)show that the evaporation process in a dry 
cooling tower takes place at temperatures substantially below the boiling point, meaning that 
the heat transfer and evaporation is dominated by diffusion across the vapour gradient 
(partial) pressure. As these models are developed for cases with ambient temperature below 
the boiling point, they are not applicable to high temperature evaporation. In a subsequent 
study, Sadafi et al. (Sadafi, Jahn, Stilgoe, & Hooman, 2015a) monitored the saline water 
droplet size at different ambient conditions using microscope digital camera. They showed 
that for 500 μm radius droplets with 3% and 5% initial NaCl mass concentrations the net 
energy required to evaporate the droplet falls by 7.3% and 12.2%, respectively (compared 
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to a pure water droplet). Also, compared to the time of evaporation of a pure water droplet, 
the period with wet surface is shorter as a result of crust formation around the saline water 
droplet. This allows a shorter distance between spray nozzles and heat exchangers (M. H. 
Sadafi, I. Jahn, et al., 2015a). 
Utilising saline water for spray cooling is an area that has received little attention, despite 
offering benefits both with respect to fresh water conservation and improvements in power 
generation efficiency. The aim of the current study is to improve the knowledge base 
associated with the use of saline water in spray cooling applications. It is shown that in 
addition to reduction in water consumption cost, using saline water in a spray assisted dry 
cooling tower leads to construction cost reduction as a shorter tower can be built. Moreover, 
improved cooling performance is achieved as a result of higher evaporation efficiency in 
space restricted applications. 
In this study, heat and mass transfer of a single spray of NaCl-water solution are investigated 
numerically and the results are partially validated with the available data in the literature. 
The ANSYS FLUENT CFD code ("ANSYS FLUENT® Academic Research, Release 14.0," 
2011) is used to simulate the multicomponent discrete phase model (DPM) problem. The 
new model presented in this study predicts the heat and mass transfer of saline water spray. 
The pores’ volume in dried NaCl crystals is quantified by data obtained from Scanning 
Electron Microscope (SEM). Necessary modifications have been made to account for 
crystallisation. The modified FLUENT model is validated against experimental data for a 
single droplet. Finally, the impact of using saline water in an arrangement representative of 
a hybrid cooling tower is investigated. 
2. Mathematical Modelling of Solid Containing Water Spray Cooling 
ANSYS FLUENT release 14 is used to simulate the behaviour of the saline or CSG water 
spray cooling. 
2.1.   Numerical approach 
In spray modelling, Eulerian - Lagrangian approach suggested by Nijdam et al. (Nijdam, 
Guo, Fletcher, & Langrish, 2006) is applied. To model the turbulence effect, the time-
averaged Navier-Stokes equations with the standard k-ε model were chosen. The governing 
equations of the air flow are (ANSYS FLUENT Theory Guide, 2011): 
 
߲ሺߩ ௜ܸሻ
߲ ௝ܺ ൌ ܵ௠ 
(1) 
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where Sm, Smo, and Se are the droplet mass, momentum and energy source terms, 
respectively which are determined from the Lagrangian framework through volume 
averaging method incorporated into the Eulerian equations (Berlemont, Grancher, & 
Gouesbet, 1995). 
Trajectory of a discrete phase droplet is predicted by integrating the force balance on the 
particle, which is written in a Lagrangian reference frame (ANSYS FLUENT Theory Guide, 
2011): 
 
݀ ௗܸ
݀ݐ ൌ ܨ஽ ൅
݃൫ߩௗ െ ߩ௚൯
ߩௗ ൅ ܨ௫ଵ	
(5) 
where ܨ௫ଵ is an additional acceleration (force / unit droplet mass) term and ܨ஽ is the drag 
per unit droplet mass, given by: 
 
ܨ஽ ൌ 18ߤߩௗܦௗଶ
ܥ஽ܴ݁
24 	
(6) 
 
The drag coefficient is calculated as follows: 
 
ܥ஽ ൌ ܽଵ ൅ ܽଶܴ݁ ൅
ܽଷ
ܴ݁ଶ ,			 					0.1 ൑ ܴ݁ ൑ 50000
(7) 
where a1, a2, and a3 are constants that apply to smooth spherical droplets. A comprehensive 
procedure to determine these constants is presented in (Morsi & Alexander, 1972). 
In DPM, the momentum transfer between the droplets and ambient gas is (ANSYS FLUENT 
Theory Guide, 2011): 
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ܯ ൌ෍ቆ3ߤܥ஽ܴ݁4ߩௗܦௗଶ ௥ܸ൅ܨ௫ଶቇ݉ௗሶ ∆ݐ 
(8) 
 
where Fx2 is other interaction forces. The heat transfer from the gas (continuous phase) to 
the droplets (discrete phase) is calculated as: 
 
ܳ ൌ ൫݉ௗ,௜௡ െ ݉ௗ,௢௨௧൯ൣെܪ௟௔௧,௥௘௙ ൅ ܪ௣௬௥൧
െ ݉ௗ,௢௨௧ න ܿ௣݀ܶ ൅
்೏,೚ೠ೟
்ೝ೐೑
݉ௗ,௜௡ න ܿ௣݀ܶ
்೏,೔೙
்ೝ೐೑
 
(9) 
 
where ܪ௟௔௧,௥௘௙ is the latent heat at the reference conditions  for droplet particles computed 
as the difference between liquid and gas standard formation enthalpies. Also, mass transfer 
from discrete phase to continuous phase is considered as the change in mass of a particle 
as it passes through each control volume and is computed as: 
ܯሶ ൌ ∆݉ௗ݉ௗ,଴ ሶ݉ ௗ,଴ 
(10) 
 
This mass exchange appears as a source of mass in the gas continuity equation (ANSYS 
FLUENT Theory Guide, 2011). 
After reaching the vaporization temperature, the following mass transfer equation is also 
applied: 
 
ܰ ൌ ݄஽ሺݕ௦ െ ݕஶሻ (11) 
 
where ܰ and ݄஽ are the molar flux of vapour and mass transfer coefficient, respectively. The 
resulting coupled heat transfer equation is: 
 
݉ௗܿ௣ ݀ ௗܶ݀ݐ ൌ ݄ܣௗ൫ ௚ܶ െ ௗܶ൯ ൅
݀݉ௗ
݀ݐ ݄௙௚ 
(12) 
 
where ௗ௠೛ௗ௧  is zero before the droplets heat up to reach the wet-bulb temperature. 
The SIMPLE algorithm with staggered grids is used for velocity and pressure couplings, first 
order upwind discretization is used for turbulent kinetic energy and dissipation rate, and 
second order upwind scheme is chosen for momentum and energy. 
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2.2. Description of the Simulated Geometry 
A spray-assisted natural draft dry cooling tower with the air flow stream is shown in Figure 
47. Here the inflowing air is cooled using an array of water spray nozzles, before it reaches 
the heat exchangers.  
 
 
Figure 47: Schematic of typical spray-assisted dry cooling tower, showing nozzle and heat exchanger 
arrangement. 
 
To simulate this problem, a single spray nozzle, positioned in a 5 m diameter cylindrical duct 
of 10 m height, as shown in Figure 48, is considered. The shown cone nozzle injects in 
positive Z direction. The model includes gravity acting in the negative Z direction. Inlet air 
properties correspond to a hot summer day in Miles, Queensland, 40 oC and 40% relative 
humidity ("http://www.bom.gov.au/," 2014). 
 
 
Figure 48: Simplified cooling tower representative domain, used for spray simulation. 
 
A smooth unstructed mesh of 112426 elements is used. A mesh sensitivity study has shown 
that halving the mesh size or decreasing the element size has negligible influence on the 
results. The calculation time for this model is 15 hours. 
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2.3. Micro Analysis of NaCl Crystallization 
To simulate the evaporation process, the multicomponent liquid spray option in FLUENT 
has to be modified, as this option is limited to simulate multiple liquids. To determine the 
necessary changes to the code, full understanding of the physical process and crystallisation 
of the droplets must be attained. In a solid containing droplet, after solid crust formation the 
water vapour diffuses from the wet-core to the surface through the pores (Sadafi et al., 
2014b).To be able to measure the pore sizes (and free spaces where air is trapped) micro 
analysis by SEM was performed to achieve the necessary knowledge to modify the FLUENT 
model. Dried NaCl crystals collected from experiments were coated by Iridium using BAL-
TEC MED 020 coater. This heavy metal is commonly used as a nano-scale coat on a sample 
to provide electrical conductivity needed for electron microscope. Then, a JEOL JSM LA 
SEM was used to capture the crystal geometry. Figure 49 shows the final NaCl crystals 
using 10 kV accelerated electron beams. Image (a) corresponds to the slow evaporation 
(gas temperature of less than 50 oC). In this case, the solid particles have enough time to 
form the narrow NaCl crystals. However, evaporation in hot gas (gas temperature of higher 
than 80 oC) results in more homogeneous solid without discrete crystals, as shown in image 
(b). 
 
Figure 49: Scanned Electron Microscopy images of NaCl crystal created from evaporation experiments. a) 
slow evaporation, b) fast evaporation (the brightness has been adjusted for better comparison) 
 
Since evaporation rates in cooling towers are low (around 5	 ൈ 	10ିଵଵ kg/s for a 50 μm single 
droplet based on the numerical simulations performed in this study), the slow evaporation, 
image (a), is the expected structure for the current study. Looking at the slowly dried NaCl 
crystal at higher magnification shows a micro scale crystallisation at the surface of the main 
crystals. The secondary crystals can be observed in Figure 50 at 3000 times magnification. 
These crystals form while the wet-core shrinks after solid formation. At this stage, a portion 
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of the solution (which is pulled to the surface of the main crystals through the pores) solidifies 
and forms these tiny secondary crystals mostly near the pores. 
 
Figure 50: Close-up image of pores on crystal surface. Secondary NaCl crystals are created by vapour 
solidifying at pores. 
 
Figure 51 shows the formed pores on the main crystals. Table 8 summarized the size 
distribution of 116 pores on the surface of crystal. According to the data, average pore size 
is1μm.As drying progresses the water mass fraction decreases and is replaced by air and 
vapour in the pores.  
 
Table 8: Size distribution of the 116 measured pores 
 
Size (μm) Number of pores
0 - 0.5 2
0.5 - 1 28
1 - 1.5 44
1.5 - 2 23
>2 19
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Figure 51: Repeat Figure 50 of with increased magnification. 
3. Numerical Results for Spray 
3.1.  Single Cone Saline Water Spray 
In this model, a cone spray with a nominal mass flow rate of 0.0585 kg/s, chosen to achieve 
local saturation (100% RH) approximately 5 m from the nozzle, is used. This cone generates 
droplets with diameter of 50 μm in 80 streams. 
The resulting temperature and relative humidity contours at three cross sections 2,5, and 8 
m from the nozzle are shown in Figure 52 and Figure 53, respectively. A minimum temperature 
of 23.7 oC at the distance of 4.7 m from the nozzle is achieved at the middle of the spray. 
Also, the maximum relative humidity of 100% is observed at this location.  
 
Figure 52: Temperature contours across the simulation domain. Planes are 2, 5, 8 m from the nozzle. 
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Figure 53: Relative humidity contours across the simulation domain. Planes are 2, 5, 8 m from the nozzle. 
 
The region of minimum temperature and maximum relative humidity exists between 2 and 
5 m from the nozzle in the middle of the flow path. Further away from the nozzle, there is a 
more uniform temperature and relative humidity. With increasing distance, wider area is 
affected by the spray. As such, 10 m away from the nozzle, an area with a diameter of 4.26 
m is influenced by the spray, whilst the corresponding area 2 m from the nozzle only has a 
diameter of 2.04 m. 
 
 
Figure 54: Droplets’ trajectory and diameter 
 
Figure 54 shows the droplets’ trajectory and droplets’ sizes in the spray. Because of the 
symmetric shape of the geometry, change in size for droplets are very similar. The final size 
of the dried particles is 23.1 µm. 
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3.2. Influence of Spray Mass Flow Rate 
In addition to the nominal spray mass flow rate of 0.0585 kg/s, four other flow rates were 
considered to investigate the influence of flow rate on spray cooling.  
Figure 55 and Figure 56 compare the temperature and relative humidity for mass flow rates of 
0.0435, 0.0485, 0.0535, 0.0585, and 0.0635 kg/s corresponding to 74.4, 82.9, 91.5, 100, 
and 108.5% of the nominal mass flow rate. Figure 55 and Figure 56 show the radial variation 
of data, at distances of 2 and 5 m from the nozzle. The nozzle is positioned at X = 0 m.  
 
 
Figure 55: Radial variation of temperature and relative humidity 2 m from the nozzle (using saline water) 
 
Figure 56: Radial variation of temperature and relative humidity 5 m from the nozzle (using saline water) 
 
As expected the minimum temperature and maximum relative humidity in both cases is 
achieved by the highest mass flow rate (0.0635 kg/s). The area weighted mean temperature 
for a 5 m diameter disk 2 m from the nozzle for the minimum and maximum mass flow rates 
are 36.65 and 35.68 oC (T = 0.97 °C) (Figure 55). Further away from the nozzle, increased 
evaporation of the droplets leads to a higher difference in mean temperature at different 
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mass flow rates. Hence, 5 m from the nozzle, the mean temperatures for the minimum and 
maximum mass flow rates are 36.03oCand 34.33 oC (T = 1.70 °C) (Figure 56). A further 
effect of increasing the mass flow rate is change in cooled area (area with ௚ܶ െ ܶ>0.01 oC). 
As shown in Figure 55 and Figure 56, the distance of the farthest cooled point from the middle 
axis gets greater by increase of the mass flow rate. This is clearer at farther cross sections 
from the nozzle. At a distance of 2 m from the nozzle, for all mass flow rates, cooling is 
restricted to an area with a diameter of 2m. In contrast at a distance 5 m from the nozzle the 
cooling affected area has increased to a diameter larger than 3 m with a dependency on 
mass flow rate. 
4. Discussion 
A qualitative and quantitative comparison between the sprays of saline and pure water is 
presented in this section. For this, the geometry described in Figure 48 is considered. In 
practical cooling towers with multiple nozzles, the nozzle distribution and nozzle-to-nozzle 
interaction is important. Smrekar et al. showed that by improving the spray arrangement 
design in the cooling tower an optimal water distribution with a constant water/air mass flow 
rate can be achieved which can improve the efficiency by 5.5% (Smrekar, Oman, & Širok, 
2006). 
However as the current study focuses on a like-for-like comparison of saline and pure water 
spray cooling, the canonical geometry from Figure 3, representative of the flow pattern in an 
ideal cooling tower with negligible nozzle to nozzle interaction is used. This allows the 
performance change to be evaluated in isolation. 
For a qualitative comparison, one must first consider the droplet transport in the vertical 
channel. In saline water spray, as evaporation progresses, density of the solution increases 
due to the increase in concentration and higher density of NaCl compared to water. 
Compared to pure water, this results in a different droplet relative velocity relative to the air 
stream. The relative velocity of a droplet can be calculated by balancing weight and drag: 
 
݉݃ ൌ ߨ8 ܥ஽ߩ௚ ௥ܸ
ଶܦଶ 
 
(13) 
௥ܸ ൌ ඨ43
ܦߩௗ݃
ܥ஽ߩ௚ 	
(14) 
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where diameter, D, changes with time and distance from the nozzle. Using the correlation 
suggested by Massey (Massey) (which is more suitable for this range of Reynolds number 
than the one is used by FLUENT)  for a sphere at Re < 0.94, ܥ஽is obtained as: 
 
ܥ஽ ൌ 24ܴ݁ ൬1 ൅
3
16ܴ݁൰
଴.ହ
, ܴ݁ ൑ 100. (15) 
Using the appropriate values, the relative velocity for saline water droplets changes 
from0.319 to 0.243 m/s as the water evaporates and the diameter changes from 50 to 23.3 
µm. In contrast, the relative velocity for a pure water droplet decreases from 0.313 to 0 m/s 
as the droplet shrinks from 50 to 0 µm. This shows resistance of saline water droplets to 
travel upward compared to pure water droplets. In other words, more saline water droplets 
remain close to the nozzle compared to pure water (as shown in Figure 57).Here boxes and 
circles show movements of air volume and droplets, respectively. Consequently, close to 
the nozzle (1) in Figure 57, there will be more droplets in each cell for saline water, leading to 
increased water content. Likewise, fewer saline droplets will move away from the nozzle (3) 
implying quicker complete evaporation. Consequently, total water content at location (1) is 
higher and total water content at location (3) is lower for saline water compared to pure 
water. This effect and less water content (compared to pure water) result in earlier and 
quicker evaporation for saline water.  
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Figure 57: Schematic comparison of upward movement of gas control volumes (square boxes) and droplets 
(circles) between pure and saline water. Increasing density for the saline water results in a higher relative 
velocity, Vr, and thus reduces droplet transport in the vertical direction. 
 
4.1. Mean Temperature 
This difference in droplets trajectory affects the evaporation rate and temperature field in the 
domain. The midline temperature (corresponding to X = 0) through the domain for saline 
and pure water at 0.0435 kg/s mass flow rate are shown in Figure 14. In addition, the area 
weighted mean temperatures for 3 and 5 m diameter disks at discrete distances from the 
nozzle are also plotted. 3 and 5 m diameter disk (6 m from the nozzle) were chosen as ௚ܶ െ
ܶ>1.5oC and ௚ܶ െ ܶ>0.01oC conditions apply there, respectively. The midline temperature 
for both cases decrease from 40 oC until it reaches its minimum value, corresponding to the 
point when the water content in the sprays is fully evaporated. Close to the nozzle, 
temperature at the centre decreases more rapidly for saline water due to higher droplet 
concentration close to the nozzle caused by the influence of gravity and relative velocity as 
explained previously.  
To investigate overall cooling, one can consider the area weighted mean temperatures for 
the 3 and 5 m diameter disks at different distances from the nozzle. These show that pure 
water achieves more cooling after full evaporation. This can be attributed to difference in 
injected water mass fraction for the two cases, which is 100% and 95% for the pure and 
saline water; the remaining mass for the latter being taken by NaCl.  
 
 
Figure 58: Change in midline and mean temperature at discrete distances from the nozzle.  
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Considering the 5 m disk, also clearly illustrates that evaporation and thus cooling is 
completed 6 m from the nozzle. This is also shown by the midline temperature profiles which 
show an increase in temperature after Z = 4.8 and 5.2m, respectively, confirming the end of 
evaporation.  
A comparison of the net performance for saline water and pure water at different mass flow 
rates is provided in Figure 58. First, the area weighted mean temperature, 6 m from the 
nozzle, considering a 3 m diameter disk for different mass flow rates of pure and saline water 
is shown. At 6 m, saline water achieves higher cooling due to the density effect discussed 
beforehand. The improvement in mean temperature for saline water compared to pure water 
at this distance rises as mass flow rate increases. At the lowest and highest mass flow rates 
the reduction is 0.36 and 0.96oC, respectively. 
4.2. Wet Length 
Next, wet length, Lwet, the distance from the nozzle at which the last droplet (pure water) is 
evaporated, or the last particle (saline water) forms a dry crust is compared. This parameter 
is important from a design point of view for both pure and saline water as wet particles or 
droplets may cause corrosion or deposition on the heat exchanger. As shown in Figure 59,the 
wet lengths for saline water spray is less than that of pure water, this allows the distance 
between the nozzle and the heat exchangers to be reduced. In this respect, the benefit of 
using saline water increases as mass flow is increased. At the lowest mass flow rate, the 
length reduction is 28% and at the highest this reduction is 30%. 
 
 
Figure 59: Performance comparison of saline and pure water nozzles. Mean values are based on a 3 m 
diameter disc positioned 6m from the nozzle. Wet length, Lwet, is based on entire domain 
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4.3. Cooling Efficiency 
Cooling efficiency is an important measure to evaluate the performance of a given spray. It 
is defined as ሺ ௜ܶ௡௟௘௧ െ ௢ܶ௨௧௟௘௧ሻ ሺ ௜ܶ௡௟௘௧ െ ௪ܶ௘௧௕௨௟௕ሻ⁄  and the calculated values for saline and 
pure water are shown in Figure 15. ܶ ௜௡௟௘௧ and ܶ ௪௘௧௕௨௟௕ are based on the ambient air upstream 
of the nozzle and ௢ܶ௨௧௟௘௧ is based on the mean temperature of a 3 m diameter disc, placed 
6 m downstream of the nozzle. This efficiency indicates the performance of the nozzle and 
sprayed liquid with respect to achieving maximum evaporation. At this location, for the 
lowest mass flow rate (0.0435 kg/s), the achieved cooling efficiency for saline water is 
approximately 3% higher than for pure water. This difference increases to 8% for the highest 
water mass flow rate (0.0635 kg/s).This improvement in cooling efficiency close to the nozzle 
is due to the increase in density of saline droplets as discussed earlier and thus earlier 
evaporation. 
4.4. Relative Humidity 
An opposing trend is observed for relative humidity, with pure water showing a higher 
value. The difference for the lowest and highest mass flow rates are 3.86 and 6.07%, 
respectively. The higher mean relative humidity for pure water is attributed to the lower 
mass of water being injected in the saline case, as 5% by mass are taken up by NaCl. 
4.5. Involved Issues 
Corrosion of the metal surfaces and deposition of solids contained in an evaporating liquid 
are the main concerns if the droplets are not fully dry when approaching heat exchangers. 
The reduced wet length and lower relative humidity when using saline water reduces the 
deposition risk. Nevertheless, further work is needed to investigate different scenarios of 
impact between the dry crystals and the heat exchanger surfaces. In addition, generating a 
continuous stream of saline water droplets creates difficulties itself. There is a considerable 
risk of nozzle blockage due to dissolved solids. 
5. Conclusion 
In this work, the multicomponent discrete phase model in ANSYS FLUENT is modified to 
simulate spray cooling with media containing dissolved NaCl (saline water or wasted water 
from coal seam gas production). To make an accurate set of modification, micro analysis of 
data obtained from observing NaCl crystals using scanning electron microscope was 
performed. 
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After validation of the model for a single droplet, a practical problem, considering a single 
nozzle in a cooling tower representative scenario was studied. Comparing saline water with 
pure water spraying, the following observations were made: the distance between nozzle 
exit and a fully dry air stream shortens by 29.8% when using saline water. After full 
evaporation, 6m from the nozzle, the saline water case exhibits lower humidity, lower mean 
temperatures, and a higher cooling efficiency. All confirming the superior performance of 
saline water in spray cooling applications. Nevertheless corrosion, deposition, and nozzle 
blockage are issues requiring further investigations. 
In addition to simulating the spray evaporation, the underlying effect causing the improved 
performance was identified. Reduced water consumption and more compact tower 
construction costs, as well as improved cooling performance are the main outcomes of the 
current study. 
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3.2. Paper 5: An Investigation on Spray Cooling Using Saline Water with Experimental 
Verification 
This article reports an experimental study on saline water spraying using Phase Doppler 
Interferometry (PDI). The experimental results in this article are obtained at the von Karman 
Institute for Fluid Dynamics in Belgium in a collaborative research program. The author of 
this thesis was the main researcher performing the tests and numerical analysis.  
The main objective of this piece of work was to validate the modified numerical model 
presented in the Paper 4. 
Part one of the paper corresponds to experimental study on a single nozzle using PDI. In 
this part the distribution of droplets is determined and used as the input for the model. Then, 
the model predicted the droplets’ sizes at different points in the spray. After verifying the 
model, the performance of saline spray in cooling towers was investigated. The main 
objective of the first part was to verify the modified numerical model.  
Part two of the paper studied a single solid full cone spray in a cooling tower representative 
geometry. A sensitivity study was performed to investigate the effect of ambient conditions 
and spray specification on cooling performance and temperature distribution. It was shown 
that initial size of droplets and water mass flow rate have the largest impact on the minimum 
distance between nozzle and heat exchangers (wet length) and cooling efficiency. Using 
non-dimensional analysis, these findings were turned into two dimensionless correlations. 
Looking at the combined trends for wet length and cooling efficiency, it was observed that 
increasing the saline water mass flow rate yields the best compromise. 
This article partially addresses the research aim #2 and #3. 
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Abstract 
A natural draft dry cooling tower rejects heat in a power plant. Spray cooling of the inlet air 
to the cooling tower improves the total efficiency of the power plant. To overcome the 
scarcity of natural water sources, this research is studying the usage of saline water in spray 
assisted dry cooling towers. A nozzle is analysed experimentally. It is shown that the CFD 
model captures the spray well. A full cone spray is simulated in a vertical cylindrical domain 
representative of cooling tower flows. To investigate the influences of initial and ambient 
conditions on the spray performance, fourteen different cases are simulated and trends 
analysed. It is shown that the distances from the nozzle, after which the dry stream starts 
(wet lengths), are in the range of 4.3 m to 5.5 m depending on the test conditions.  A 
dimensionless study is performed on the wet length and cooling efficiency as the two main 
parameters. Finally, to predict the wet length and cooling efficiency, two dimensionless 
correlations are presented and their impact on cooling tower operation is discussed. 
Key words: saline water; spray cooling; phase Doppler interferometry; discrete phase 
model; heat and mass transfer. 
Nomenclature 
A surface area (m2) ܴ݁ Reynolds number	ൌ ஽೏௨ೝఔ೒  
a1, a2, a3 constants in drag coefficient 
calculation 
RH relative humidity 
c mass concentration Q heat transfer (J) 
cp specific heat (J/kg K) t time (s) 
C1, C2 non-dimensional constants T temperature (K) 
CD drag coefficient u velocity (m/s) 
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݀̅ size constant (m) Y mass fraction of droplets in 
the spray   
D diameter (m) ߝ relative error of solution  
D32 Sauter mean diameter, SMD 
(m) 
ߟ஼௢௢௟௜௡௚ cooling efficiency (%) 
f frequency (Hz) θ scattering angle 
f1, f2 non-dimensional variables  λ wavelength (m) 
F, G non-dimensional functions μ dynamic viscosity (kg/m s) 
FD drag force per unit mass 
(m/s2) 
ߥ kinematic viscosity (m2/s) 
Fs safety factor  ߩ density (kg/m3) 
GCI grid convergence index Ψ, Ω non-dimensional numbers 
݄ sensible enthalpy (J/kg) Subscripts  
hfg specific enthalpy of 
evaporation (J/kg) 
0 initial condition  
Hlat,ref latent heat at the reference 
conditions (J/kg) 
c cold 
Hpyr heat of pyrolysis per unit 
mass (J/kg) 
D Doppler shift 
k thermal conductivity (W/m.K) d droplet 
Ԧ݈ unit vector of direction g gas 
L distance (m) h hot 
Lwet wet length (m) i integer component 
m mass (kg) in condition at entry of 
computational cell 
ሶ݉  mass flow rate (kg/s) l illuminating beam 
n size distribution parameter  out condition at exit of 
computational cell 
N number of droplet r relative 
Nu Nusselt number ref  reference  
p order of convergence  s Light scattered wavefront 
Pr Prandtl number w water  
r grid refinement ratio wb wet bulb 
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1. Introduction 
Utilising saline water for spray cooling is an area that has received little attention, despite 
offering benefits both with respect to fresh water conservation and improvements in power 
generation efficiency. The aim of the current study is to improve the knowledge base 
associated with the use of saline water in spray cooling applications. An experimental study 
is performed to partially verify the presented CFD simulation of a single spray. After the 
reliability of the model was assured, the influence of initial and ambient condition on the 
spray performance was investigated and a practical analysis on the spray performance was 
made. 
The outcome of this research is applicable in a concentrated solar thermal (CST) power 
plants. In CST plants the hot temperature of the cycle reaches up to 600-700 oC (Dolan; & 
Roberts, 2013). Since the efficiency in a power plant is limited by Carnot efficiency (1-Tc/Th), 
to increase the total efficiency the cold temperature of the cycle should be decreased. To 
reduce the cold temperature (inlet air to the cooling tower), saline water spraying of the inlet 
air is suggested and studied in this work as a part of Australian Solar Thermal Research 
Initiative (ASTRI), a project supported by the Australian Government.  
A CST plant is usually built in arid areas. Thus, a comprehensive study on evaporative spray 
cooling considers the scarcity of fresh water. To preserve the drinking water resources, and 
achieve an efficient performance, saline water is suggested for cooling purposes. In addition 
to performance improvement (M.H. Sadafi, I Jahn, & K Hooman, 2015), using saline water 
instead of fresh water results in budget saving. It was shown that, using sea water for cooling 
reduces the utility costs by 49.69% (Nápoles-Rivera et al., 2013).    
A drawback of using saline water is that heat exchanger surfaces are exposed to deposition 
and corrosion and solid particles (salt). To overcome these issues, in some cases such as 
in Condamine power station in Australia, corrosion is avoided using resistive materials 
(titanium condenser and fibreglass pipeline). Surface treatments (Kronenberg & Lokiec, 
2001; Ohwaki et al., 2014; Rubio, Casanueva, & Nebot, 2015) and controlling cooling water 
temperature (Kronenberg & Lokiec, 2001; R. Rao & Patel, 2011) are the other methods. 
However, this work focuses on a design point of view to prevent the contact of wet droplets 
with the surfaces. This is done by ensuring that full evaporation is achieved before the 
sprayed stream reaches the metal surfaces. Here, the reactiveness of the saline solution is 
small (Liu et al., 2012). 
To correctly capture the physics of saline droplet evaporation, the evaporation process 
should be split into four stages: temperature adjustment, isothermal evaporation, transition 
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to crust formation, and drying out (Sadafi et al., 2014b). A detailed study of single droplet 
evaporation by Sadafi et al. showed that for 500 μm radius saline water droplets, absorbed 
energy for evaporation decreases by up to 12.2% compared to pure water (M. H. Sadafi, I. 
Jahn, et al., 2015a). Moreover, due to crust formation, a dry stream achieves in an earlier 
time for saline water. 
For the simulation of saline droplet evaporation in CFD, Sadafi et al. (M.H. Sadafi et al., 
2015) developed and verified an approach that modifies the multicomponent discrete phase 
model (DPM) in ANSYS FLUENT ("ANSYS FLUENT® Academic Research, Release 16.1," 
2015). After comparing the results obtained for 3% NaCl concentration (by mass) with pure 
water, they showed that using saline water shortens the length from the nozzle, covered by 
the wet stream. This allows designers to reduce the distance between the nozzle and the 
heat exchangers, thereby shortening cooling towers without loss of spray cooling efficiency. 
To perform experimental studies on water spray systems, Phase Doppler Interferometry 
(PDI) is widely used by researchers. For example, Vetrano et al. used PDI to measure the 
size and velocity of the droplets in a full cone spray (M.-R. Vetrano et al., 2008). Using the 
Weber and Ohnesorge numbers, they presented a correlation to predict the Satur Mean 
Diameter (SMD) for a viscous liquid. Foissac et al. performed an experimental study on a 
single nozzle at high mass flow rate of 1 kg/s (Foissac et al., 2010). To obtain a local high 
resolution information about the spray, they used PDI and measured the size and velocity 
of the droplets passing through an optically defined probe volume. They reported no droplet 
at the core of the spray due to the hollow cone type of the nozzle. Therefore, the 
measurement were made in a ring and a Log-Normal distribution was observed for the 
droplet size distribution. Using PDI, Xie et al. investigated the thermal effects of a pressure 
swirl nozzle in spray cooling (Xie et al., 2014). They reported that higher local droplet velocity 
occurs where there is a higher local droplet flux in the spatial distributions. Pawar et al. used 
PDI to validate their Euler-Lagrange model for a hollow cone pressure swirl nozzle spray 
(Pawar et al., 2015). They claimed that, to obtain a reliable size and velocity for droplets, 
5000 samples is adequate for each measurement.  
In this study, the influences of initial and ambient conditions on the cooling performance of 
a single nozzle spray of NaCl-water solution are investigated. Firstly, using the experimental 
PDI results obtained in this study, a CFD model is partially validated. Then, after adjusting 
the geometry in the model, a wide range of initial conditions (for spray and ambient air) are 
simulated and non-dimensional analysis is applied to the data.  
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In this article, first, the numerical CFD model is explained. Next, the theory of the PDI method 
is given followed by the experimental study. Then, the results obtained from the 
experimental study are compared with those of CFD model. After verification of the CFD 
model, the sensitivity analysis of the numerical data is presented, and a discussion on the 
results is given. 
2. Theory 
2.1. Numerical Model 
To simulate the usage of saline water in spray cooling in a natural draft dry cooling tower, 
ANSYS FLUENT release 16.1 is used. The Eulerian - Lagrangian approach suggested by 
Nijdam et al. (Nijdam et al., 2006) is used and, the time-averaged Navier-Stokes equations 
with the standard k-ε model solves the turbulence model. The governing equations of the air 
flow and trajectory of a discrete phase droplets are presented in (M.H. Sadafi et al., 2015). 
In the Lagrangian framework, the drag per unit droplet mass is given by: 
 
ܨ஽ ൌ 18ߤߩௗܦௗଶ
ܥ஽ܴ݁
24 ,	
(1) 
 
where drag coefficient, CD is calculated as: 
 
ܥ஽ ൌ ܽଵ ൅ ܽଶܴ݁ ൅
ܽଷ
ܴ݁ଶ ,			 					0.1 ൑ ܴ݁ ൑ 50000.
(2) 
 
Here a1, a2, and a3 are constants which correspond to spherical droplets. More information 
on determining these constants are available in (Morsi & Alexander, 1972).  
Here, the gas and the droplets are the continuous and discrete phases, respectively. The 
heat transfer between these two phases is: 
 
ܳ ൌ ൫݉ௗ,௜௡ െ ݉ௗ,௢௨௧൯ൣെܪ௟௔௧,௥௘௙ ൅ ܪ௣௬௥൧
െ ݉ௗ,௢௨௧ න ܿ௣݀ܶ ൅
்೏,೚ೠ೟
்ೝ೐೑
݉ௗ,௜௡ න ܿ௣݀ܶ.
்೏,೔೙
்ೝ೐೑
 
(3) 
 
Here ܪ௟௔௧,௥௘௙ is the latent heat at the reference conditions for droplets. It is determined the 
difference between liquid and gas standard formation enthalpies. Although it was shown that 
laser illumination dramatically increases the heat transfer rate in a single stationary droplet 
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(Sadafi, Ruiz, Vetrano, Beeck, et al., 2016), it can be neglected in moving sprays, as the 
time under laser illumination is short. 
Using the mass and momentum transfer equation presented in (M.H. Sadafi et al., 2015) 
the coupled heat transfer equation is: 
 
݉ௗܿ௣ ݀ ௗܶ݀ݐ ൌ ݄ܣௗ൫ ௚ܶ െ ௗܶ൯ ൅
݀݉ௗ
݀ݐ ݄௙௚, 
(4) 
where ௗ௠೛ௗ௧  is zero before the droplets heat up to reach the wet-bulb temperature. 
To solve the couplings between velocity and pressure, the SIMPLE algorithm was used with 
a staggered grid. Turbulent kinetic energy and dissipation rate are solved using a first order 
upwind scheme, and second order upwind discretization is chosen for energy and 
momentum. 
The Multicomponent Discrete Phase model in FLUENT requires each component to be a 
fluid. To consider the effect of NaCl in the process, a set of modifications are required. After 
performing a micro analysis using electron microscopy, Sadafi et al. (M.H. Sadafi et al., 
2015) incorporated the solid (non-vaporizing) component in the droplet, as a liquid with the 
same density, thermal conductivity, and specific heat as NaCl. However, the vaporization 
temperature has been set to a proportionally infinity value to prevent the evaporation and 
phase change in the second component. Moreover, to correctly simulate the porosity of the 
dried crystal, the mass fraction of air in the solid part of the droplet was determined. Based 
on experimental data, a water droplet with 3% initial mass concentration of NaCl is 
composed of: 96.99% water, 3% NaCl, and about 0.01% trapped gas (mass fraction) (M.H. 
Sadafi et al., 2015). This model was previously validated using the experimental results and 
numerical data obtained from a developed MATLAB model for a single droplet (M. H. Sadafi, 
I. Jahn, et al., 2015a). 
2.2. Phase Doppler Interferometry (PDI) 
The Phase Doppler Interferometry is a laser based non-intrusive measurement technique 
that simultaneously measures the size and the velocity components of a moving droplet. 
This technique has been developed in the early eighties and today represents one of the 
most robust techniques to measure droplet size in two phase flows. The PDI technique is 
based on the phenomenon of elastic light scattering and, as all the techniques based on this 
physical phenomenon, suffers of some limitations. The main limitations are related to the 
maximum concentration of droplets in the probe volume and on their sphericity (Anthoine et 
al., 2009).  
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The technique is based on the frequency shift appearing in the scattered light wavefront 
respect to the incident wavefront. If a particle with ݑሬԦ velocity is illuminated by a laser beam 
with the frequency of f0 and wavelength of λ0, the light is scattered in all directions. 
Considering ݈పሬԦ as the unit vector corresponding to the direction of propagation of the 
illuminating beam and ݈௦ሬሬԦ as an arbitrary direction of the light scattered wavefront, the net 
change in frequency or Doppler shift is written as (Anthoine et al., 2009): 
 
஽݂ ൌ ௦݂ െ ଴݂ ൌ ݑሬԦߣ଴ ൫݈௦
ሬሬԦ െ ݈పሬԦ൯ (5) 
 
Therefore the droplet velocity can be directly retrieved using the above equation provided 
that the illuminating and scattering directions are well known. In order to eliminate the 
dependence on the scattering direction, one could consider a system in which two 
illuminating beams are used (dual beam mode). Assuming that these beams come from the 
same source, i. e. they are coherent, and that they illuminate the droplet along two different 
directions ݈పଵሬሬሬሬԦ and ݈పଶሬሬሬሬԦ, one can compute the field (ߣ௦ଵ, ௦݂ଵሻ	and (ߣ௦ଶ, ௦݂ଶሻ, scattered in the ݈௦ሬሬԦ 
direction as : 
 
௦݂௞ ൌ ଴݂ ൅ ݑሬԦߣ଴ ൫݈௦
ሬሬԦ െ ݈ప௞ሬሬሬሬԦ൯ ∀ ݇ ∈ ሼ1, 2ሽ (6) 
 
And the shift in frequency ஽݂ is (Anthoine et al., 2009): 
 
஽݂ ൌ ௦݂ଶ െ ௦݂ଵ ൌ ݑሬԦߣ଴ ൫݈పଵ
ሬሬሬሬԦ െ ݈పଶሬሬሬሬԦ൯ (7) 
 
Therefore, the Doppler frequency no longer depends on the direction of scattering. This 
allows the collection of the scattered wave over a wide angle. In order to determine the 
droplet size, it is necessary to consider the phase difference due to the collection of the 
scattered wave at the same scattering angle θ but different elevations (see Figure 60). If the 
droplet is perfectly spherical and homogeneous, two locations are enough. However, for real 
applications a third location is foreseen in order to increase the droplet size measurement 
range. Finally, the droplet diameter is proportional to the phase difference. 
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Figure 60: Dual beam or fringe mode of DPI 
3. Experimental Study 
The presented simulation model for evaporation was previously verified for single droplets 
of pure water and saline water using experimental data (M.H. Sadafi et al., 2015). To 
compare the theoretical model of the spray, an experimental test rig was installed. 
3.1. Test Rig 
The apparatus shown in Figure 61 was installed in the von Karman Institute for Fluid 
Dynamics, Belgium. An Artium Technology Inc. PDI system was used to characterize the 
particles size distribution in the spray. The system parameters were set in such a way that 
the particles with a diameter in the range 1 µm to 80 µm and droplet velocity from -75 m/s 
to 200 m/s were measured.  
 
Figure 61: The test rig installed to monitor the particles in the spray 
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The spray flow used in this work was generated by a brass solid cone nozzle with the half 
angle of 40o. Measurements were performed for a water solution with 3% initial NaCl 
concentration (by mass). The diameter of the nozzle atomizer has been set in order to 
generate droplets in the size range of up to 80 μm. 
To obtain the size distribution of the spray, PDI measurements were performed at different 
radial positions in the spray (P1 to Pn) and at two different distances, L from the nozzle as 
shown in Figure 62.  
 
 
Figure 62: Test points for the PDI measurements.  
 
Two mercury-in-glass thermometers with the accuracy of 0.5 oC were used to measure the 
dry and wet-bulb temperatures. The web-bulb temperatures were used to determine the 
relative humidity. 
The total mass flow rate of the nozzle was measured by collecting the sprayed water in a 
closed container for 5 minutes. The mass flow rate was then determined by weighting the 
sprayed water and dividing it by the measuring time. The tests were performed in room 
condition at 23 oC and 58% relative humidity.  
It is important to underline that the PDI measurements have been conducted far enough 
from the nozzle exit to ensure that the droplet concentration, as well as the droplet sphericity 
was in the measurable limit of the instrument, meaning that the percentage of accepted 
measurements was always above 80%. 
3.2. Experimental Results 
As introduced in the previous section, the experimental tests were performed at two 
distances from the nozzle including 5 mm and 8 mm. It was observed that, as predicted by 
the theory, the droplet size distribution is not uniform along the spray. This is mainly due to 
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both liquid fragmentation and to air entrainment. As an example, the histogram shown in 
Figure 63 corresponds to the midpoint of the spray (i.e. its axis) at 5 mm from the nozzle. In 
order to compare the different test points between each other, the total number of the 
droplets are normalized by its maximum value.  
 
Figure 63: Diameter histogram at 5 mm from the nozzle 
In Figure 63, the solid line shows the predicted size histogram while the dotted line 
corresponds to the experimentally obtained results. To simulate the spray by FLUENT, a full 
cone solid nozzle with the cone half angle of 40o is positioned in a cylindrical fluid domain 
with a diameter of 0.2 m and length of 0.5 m. The mass flow rate of the spray is 0.298 g/s.  
Based on the experimental results the droplet distribution is set to a non-uniform Rosin-
Rammler pattern for which (Vesilind, 1980):  
 
ܻ ൌ ݁ିሺௗ/ௗതሻ೙ (8) 
 
where Y is the mass fraction of the droplets with greater sizes than d, ݀̅ is the size constant, 
and n is the size distribution parameter. For the data presented in Figure 63, the mass fraction 
of each range of size is shown in Table 9: 
 
Table 9: Experimental mass fraction of the droplets with greater diameter than d 
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In Table 9, the size ranges with number of droplets less than 0.05% of the total amount are 
neglected. To find the size constant, ݀̅, one can solve Eq. (8) for ௗௗത ൌ 1, and thus, ܻ ൌ ݁ିଵ ൎ
0.368 ("ANSYS FLUENT® Academic Research, Release 16.1," 2015). Then, as shown in 
Figure 64, using this value for Y gives ݀̅ = 30.85 µm for this spray. 
 
 
Figure 64: Determining the size constant, ݀̅  
 
The value of n is determined by solving Eq. (8) (݊ ൌ ୪୬	ሺି ୪୬௒ሻ୪୬	ሺௗ/ௗതሻ ) as 3.38. Using this setup for 
the ANSYS FLUENT model, the size histogram is accurately predicted at 8 mm from the 
nozzle, which agrees the experimental results (Figure 65). Comparing Figure 63 and Figure 65, 
it is shown that the sharp tail of the size distribution at 5 mm reaches a more gradual rate at 
8 mm.  
 
Size Range 
(µm) Count
Droplets 
Mass (µkg) Mass Fraction Y
0-5.5 0 0.0000 0.000 1.000
5.5-10.5 8003 0.0099 0.059 0.941
10.5-15.5 5961 0.0238 0.142 0.799
15.5-20.5 2474 0.0228 0.136 0.662
20.5-25.5 1276 0.0226 0.135 0.527
25.5-30.5 817 0.0248 0.148 0.378
30.5-35.5 519 0.0248 0.149 0.230
35.5-40.5 336 0.0239 0.143 0.087
40.5-45.5 165 0.0145 0.087 0.000
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Figure 65: Diameter histogram at 8 mm from the nozzle 
To compare the sizes measured by PDI with the simulated results, D32 (Sauter Mean 
Diameter (SMD)) is determined for the numerical results obtained from the FLUENT model 
as follows (Merkus, 2009): 
 
ܦଷଶ ൌ ∑݊௜݀௜
ଷ
∑݊௜݀௜ଶ
(3) 
 
where ni is the number of droplets with di diameter. To calculate the SMDs of the numerical 
results, a MATLAB code is developed which computes SMD for concentric rings with 0.5 
mm width, at 5 mm and 8 mm from the nozzle (Figure 66).  
 
 
Figure 66: The 0.5 mm rings to determine SMD at the perpendicular plane 5 mm and 8 mm from the nozzle 
 
The experimental and numerical values of SMD at 5 mm and 8 mm from the nozzle are 
shown in Figure 67 and Figure 68, respectively. As shown in these figures, the measurements 
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were performed with 1 mm spacing in the width of the spray, but to increase the resolution 
of the numerical values, SMDs are determined using 0.25 mm spacing. 
 
 
Figure 67: SMD along the spray at 5 mm from the nozzle 
 
The statistical parameters for points P1 to P6 in Figure 67 are shown in Table 10. The 
maximum diameter and velocity are recorded for P3 (87.8 µm) and P4 (73.7 m/s), 
respectively. More than 16800 droplets were measured for each point and the minimum 
percentage of the passed droplets is 74.5% (25.5% rejected). 
 
Table 10: Statistical diameters and velocities of the six tested points 5 mm from the nozzle 
 
 
The measurement shown in Figure 67 are repeated three times and are the mean values of 
the three datasets. Using the procedure recommended by Moffat (Moffat, 1988) the 
maximum uncertainty involved in the diameter measurements is 4.28% and the uncertainty 
of the sprayed mass flow rate is 1.59%.  
P1 P2 P3 P4 P5 P6
D10 (µm) 17.4 17.4 20.6 20.4 21 16.2
D20 (µm) 19.1 19.4 23 22.4 23.1 18.8
D30 (µm) 21 21.8 25.6 24.8 25.5 21.9
D32 (µm) 25.6 27.5 31.8 30.4 31 29.8
Diameter Min (µm) 7.4 7.5 7.6 7.8 8.2 7.3
Diameter Max (µm) 74 84 87.8 83.9 82.9 82.4
Average Velocity (m/s) 21.6 30.0 35.4 36.1 28.7 18.8
Velocity Min (m/s) 0.3 0.6 2.2 7.4 2.7 0.2
Velocity Max (m/s) 51.1 67.6 72.0 73.7 67.3 48.3
Total Counts 17721 18884 17154 17036 16866 20117
Passed droplets (%) 82.9 74.5 74.9 77.7 78.37 75.7
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Figure 68: SMD along the spray at 8 mm from the nozzle 
 
Comparing Figure 67 and Figure 68 shows that the SMD is transforming from a downward bell-
shaped curve to an upward one. A clearer trend is shown by the presented numerical data 
in Figure 69. After 5 mm from the nozzle, the sizes at the sides of the spray are predicted 
slightly larger than the middle ones as the surrounding air entrainment within the spray 
pushes the smaller droplets towards the centre as the inertia of the small droplets are less 
than the larger ones. A similar effect was observe by Vetrano et al. (M. Vetrano, Gauthier, 
van Beeck, Boulet, & Buchlin, 2006). 
 
 
Figure 69: Upward bell-shaped trend of the SMD after 5 mm form the nozzle (numerical data) 
 
As shown in Figure 69, going further from the nozzle, the spray width is increasing. As such, 
the width of the spray is 10.8 mm, 19 mm, and 26.8 mm at 5 mm, 10 mm, and 15 mm from 
the nozzle, respectively. 
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Figure 70 shows the experimental data for mass and diameter of consecutive point at 8 mm 
from the nozzle. The most populated areas in these plots are triangles in the middle of the 
scattered part. What stands out in these plots is that the heavier droplets show a lower 
velocity variation. Also, the droplets with the maximum Reynolds numbers are located on 
the right side of the triangle. In other words, both the highest and lowest velocities 
correspond to the lighter droplets because the heavier the droplet, the higher the inertia and 
thus the higher the strength to the flow field. 
 
 
Figure 70: Particle tracking; Experimental data for mass versus velocity of each droplet for the four tested 
points 8 mm from the nozzle 
4. Numerical Simulation 
A practical natural draft dry cooling tower consists of a tower containing heat exchangers, 
which are cooled by the inflowing ambient air. To improve the performance, water sprays 
are used to decrease the inlet air temperature. In a vertical cooling tower, the water is 
sprayed in an upward airflow, which then approaches the heat exchangers (Kröger, 2004). 
To simulate a spray assisted natural draft dry cooling tower a simplified geometry with a 
single nozzle in a 5 m diameter vertical cylinder of 8 m length is considered. As shown in 
Figure 71, one end of the domain (cylinder) reaches the heat exchanger surface.  
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Figure 71: Geometry of the simulated system 
 
Since there are multiple nozzles working in a spray assisted dry cooling tower, nozzle 
distribution and nozzle-to-nozzle interaction are two important parameters. Smrekar et al. 
showed that by improving the spray arrangement design an optimal water distribution with 
a constant water/air mass flow rate can be achieved which can improve the efficiency by 
5.5% (Smrekar et al., 2006). However as the current study focuses on a like-for-like 
comparison of performances of spray cooling system at different initial and ambient 
conditions, the canonical geometry from Figure 71, representative of the flow pattern in an 
ideal cooling tower with negligible nozzle to nozzle interaction is used. This allows the 
performance change to be evaluated in isolation.  
In Figure 71, the shown full cone nozzle injects in the positive Z direction. The model includes 
gravity acting in the negative Z direction. Inlet air properties correspond to a hot summer 
day in Miles, Queensland, 40 oC and 44% relative humidity ("http://www.bom.gov.au/," 
2014). The saline water droplets with 3% initial NaCl concentration (by mass) are introduced 
to into the CFD simulation using the method explained in (M.H. Sadafi et al., 2015). To be 
able to perform a comparison between the different simulated cases, the initial droplet 
distribution is kept uniform. The nozzle is a solid full cone type with a half angle of 40o. 
According to the geometry of cooling towers and ambient conditions, different designers 
may apply different types of nozzles. 
A smooth structured mesh of 281280 elements is used. Using the grid convergence index 
(GCI) method explained by Roache (Roache, 1998) a spatial convergence examination is 
performed on the numerical grid. The GCI is defined as (Slater, 2006):  
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ܩܥܫ ൌ ܨ௦|ߝ|ݎ௣ െ 1
(4) 
 
where Fs is a safety factor which is recommended to be 3.0 for two grids comparison (Slater, 
2006). ߝ is the relative error of the solutions, r is the grid refinement ratio (r>1), and p is the 
order of convergence which is set to two. The grid refinement ratio was set to 1.33. To 
determine the GCI, the region of the domain immediately downstream of the nozzle is used, 
because least stability was observed in this region due to droplet generation. Therefore, a 
0.5 m diameter cylinder with a length of 1 m was considered. The GCI for important variable 
in regard with the nature of the current problem are listed in Table 11 which shows that the 
finer mesh size or decreasing the element number has negligible influence on the results. 
 
Table 11: Grid Convergence Index (GCI) for important variables 
 
 
Figure 72 shows the contours of temperature and relative humidity at an upward air velocity 
of 1.5 m/s. The spray mass flow rate is 0.02 kg/s and the droplets are generated with an 
initial diameter of 50 μm. The minimum temperature and maximum relative humidity 
achieved by the single nozzle are 26.5 oC and 89.4%, respectively around 1.8 m from the 
nozzle. Further away from the nozzle, there is a more uniform temperature and relative 
humidity. With increasing distance, wider area is affected by the spray.  
 
Figure 72: Contours of temperature and relative humidity for the simulated condition (40 oC, 44% relative 
humidity, 1.5 m/s air velocity) 
Variable (at 1 m) GCI (%)
Temperature of Centre Point 0.566
Gas Velocity in the Midpoint 2.083
Velocity of Droplet "1" 2.075
Mean Gas Temperature 0.155
Mass Fraction of H2O 0.012
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The more uniform temperature profiles further from the nozzle are shown in Figure 73. 
Relative to the incoming air at 40 oC, there is a dramatic decrease (13.5 oC) at the middle of 
the stream 2 m from the nozzle. Radial variation of temperature declines at 4 m and 6 m 
and consequently reaches to 4.8 oC at 8 m from the nozzle. At the same time the area 
affected by the cooling increases. 
 
 
Figure 73: Temperature variation in the spray width at different section 
5. Sensitivity Investigation 
After performing the experimental study on a real-life saline water spray, the CFD model 
was improved. For example, setting the practical specification for the nozzle resulted in more 
reliable outputs from the simulation. After strengthening the CFD model, an analysis on the 
results was made.  
According to the four stages model presented by Sadafi et al. (Sadafi et al., 2014b) for the 
evaporation of a single solid containing droplet, the presence of the solid crust on droplets 
surfaces is the beginning of the drying (fourth) stage. In this stage of evaporation a solid 
layer covers the droplet while the inner wet-core is still evaporating (shrinking). This solid 
crust acts as an insulator, which reduces the total heat transfer rate. Also, it reduces the risk 
of deposition of a wet solution droplet on the heat exchanger and corrosion of the metal 
surfaces due to its dry surface. Therefore, the location which the crust forms around the 
droplet, is an important variable for the spray. After this location, there is a dry stream of 
solid particles, whilst there is a wet flow before this location. To determine this length from 
the nozzle (Lwet, wet length) the model monitors the travelling droplets.  
In addition to wet length, cooling performance of the spray is another important parameter. 
It is defined as: 
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ߟ஼௢௢௟௜௡௚ ൌ ௜ܶ௡ െ ௢ܶ௨௧௜ܶ௡ െ ௪ܶ௕  
(5) 
 
where, Tin and Twb are initial temperature of the gas and wet bulb temperature of 
environment, respectively. Tout is the outlet temperature of the air, which is cooled by the 
spray. To have an appropriate gauge for outlet temperature, the area weighted mean 
temperature in a virtual disk of 2 m diameter and 6 m from the nozzle is considered.  
To investigate the influence of different spray parameters and ambient conditions on the wet 
length and cooling efficiency, 13 cases were defined and simulated in addition to the main 
case (case 1) as shown in Table 12. In each case, one spray parameter is perturbed by 
10%, relative to case 1. 
 
Table 12: Initial conditions of the simulated cases 
 
 
Here, the influence of each perturbation on the wet length and cooling efficiency is analysed. 
5.1. Wet Length 
Figure 74 shows the influences of the ambient and droplet initial conditions on the wet length. 
Case 1, is used as the reference case with a wet length of 4.68 m. The bars show the effect 
of increasing and decreasing the parameters.  
The changing parameters are divided into two groups. The first group includes: gas 
temperature, relative humidity, and air velocity (ambient parameters). A designer may have 
no control on these parameters. However, the influence of these parameters on the wet 
length should be investigated. Here, 10% dryer air stream achieved a shorter wet length 
Case 
Number
Ambient 
Temperature (oC)
RH (%)
Air Velocity 
(m/s)
Initial Droplet 
Size (μm)
Mass Flow 
Rate (kg/s)
Initial 
Concentration (%)
Case 1 40 44 1.5 50 0.02 3
Case 2 36 44 1.5 50 0.02 3
Case 3 44 44 1.5 50 0.02 3
Case 4 40 39.6 1.5 50 0.02 3
Case 5 40 48.4 1.5 50 0.02 3
Case 6 40 44 1.35 50 0.02 3
Case 7 40 44 1.65 50 0.02 3
Case 8 40 44 1.5 45 0.02 3
Case 9 40 44 1.5 55 0.02 3
Case 10 40 44 1.5 50 0.018 3
Case 11 40 44 1.5 50 0.022 3
Case 12 40 44 1.5 50 0.02 1
Case 13 40 44 1.5 50 0.02 5
Case 14 40 44 1.5 50 0.02 6
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(4.37 m) compared to case 3, with 10% hotter gas temperature (4.45 m). However, cases 2 
and 5 with cooler gas temperature and higher relative humidity give a similar wet length 
(around 5.1 m). Among the three parameters of this group, air velocity shows a more 
consistent effect for both 10% increase and decrease.  
The second group of parameters is droplets initial diameter, mass flow rate of sprayed water, 
and the initial concentration of salt. These are the design parameters which may be adjusted 
to achieve a better design. Droplets initial diameter influences the wet length the most. Due 
to d2 law, the evaporation and thus the wet length is proportional to diameter squared  (M. 
H. Sadafi, I. Jahn, et al., 2015a). Therefore, the wet length is strongly affected by the initial 
droplet diameter. As such, the cases with 5 µm larger and smaller diameters correspond to 
5.2 m and 4.3 m wet lengths, respectively. A 10% change in the mass flow rate of sprayed 
water has a weaker influence on the wet length compared to the diameter. Whereas 10% 
reduce in mass flow rate, results in only 0.15 m reduce in the wet length. Among the three 
design parameters, the initial concentration of the salt has the lowest impact. According to 
Figure 74, doubling initial concentration reduces the wet length by only 0.15 m. 
 
 
Figure 74: Influence of initial and ambient conditions on the wet length 
 
To find a general correlation between the wet length and the initial and ambient conditions, 
the non-dimensional numbers involved in the problem are found using Buckingham П 
theorem. Considering the wet length, the non-dimensional groups are: a temperature ratio 
Ω ൌ 	 ்బ,೏൫ ೒்ି்ೢ್൯, that includes the effect of relative humidity by involving ௪ܶ௕, water-air mass 
flow rate ratio, a flux ratio Ψ ൌ ௞೒ሺ ೒்ି்ೢ್ሻ஽௨యఘ೒  , Reynolds Number, Prandtl number, and initial 
concentration of salt. 
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Numerical data collected as part of the current study shows that a polynomial relationship 
exists between dimensionless wet length and the dimensionless variables. The polynomial 
response surface approximation method (Donovan & ENGINEERING., 1985) was used to 
find a correlation. A t-test was also used to eliminate the insignificant terms (less than 5% of 
significance) from the polynomial. The resulting correlations is: 
 
ܮ௪௘௧
ܦௗ,଴ ൌ 1345.5Ω െ 1.7 ൈ 10
ସ ቆ݉́௪݉́௚ቇ
ି଴.ଵସ
െ 9.8 ൈ 10ସ ൈ Ψ଴.ଵଷ ൅ 3.6
ൈ 10ହ  
(6) 
 
Based on hypothesis testing, this final correlation is a good match to the numerical training 
data. The p-value corresponding to the simulated data and the values obtained from Eq.(6) 
is 0.71. Figure 75 shows the results obtained from the simulation as well as the data predicted 
in accordance to Eq.(6).  
 
 
Figure 75: Presented correlation to determine the wet length 
 
Figure 75 demonstrates that Eq. (6) is a reliable prediction of Lwet for saline water spraying for 
the range studied in this research. This correlation is a useful tool to design a spray cooling 
systems, as it allows the length of the wet spray region to be predicted.  
5.2. Cooling Efficiency 
Figure 76 shows the influence of different initial and ambient conditions on the cooling 
efficiency. Case 1 is considered as the reference case with 33.9% cooling efficiency.  
According to Figure 76, a 10% cooler ambient temperature improves cooling efficiency by 
2.4%. Here, relative humidity shows a stronger influence on the cooling efficiency. A 10% 
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increase in relative humidity, leads to 3.6% raise in cooling efficiency. This is due to a change 
in wet bulb temperature. According to Eq. (5), at a constant dry bulb temperature, an 
increase in wet bulb temperature (relative humidity) results in an increase in the cooling 
efficiency. Similarly to the wet length, among the three ambient parameters, air velocity has 
the weakest influence on the cooling efficiency (less than 2%). 
 
 
Figure 76: Influence of initial and ambient conditions on the wet length 
 
Among the design parameters, the cooling efficiency shows a weak sensitivity to the initial 
diameter. This is because all the cases with the initial diameters of 45 µm, 50 µm, and 55 
µm have the identical mass flow rate of 0.02 kg/s and almost the same evaporated water 
mass at the considered plane for cooling efficiency calculation. In contrast, sprayed water 
mass flow rate influences the cooling efficiency the most. A 10% increase in water mass 
flow rate, achieves 3.4% higher cooling efficiency. Figure 76 shows that the cooling efficiency 
is a function of saline water initial concentration as well. Here, the cases using 1%, 3%, 5%, 
and 6% initial concentration by mass correspond to 34.58%, 33.90%, 33.21%, and 32.86% 
cooling efficiencies as the net mass of water is decreasing. Therefore, the heat transferred 
from the gas to water in the spray decreases proportionally and thus the cooling efficiency 
drops.  
Performing the dimensionless analysis on the cooling efficiency gives the followings non-
dimensional groups: Reynolds number, Re, water-air mass flow rate ratio, the flux ratio Ψ, 
and initial concentration of salt. 
Here, the simulated results for cooling efficiency are a polynomial function of the involved 
non-dimensional variables. Using polynomial response surface approximation method 
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(Donovan & ENGINEERING., 1985), and eliminating the non-significant terms, the following 
correlation was obtained:    
 
ߟ஼௢௢௟௜௡௚ ൌ 337.1ܴ݁ି଴.ଵ ൅ 1.89 ൈ 10ହ ቆ݉́௪݉́௚ቇ
ଵ.ସ଼
െ 136.8Ψ଴.଴଼ହ
െ 17.1ሺ1 െ ܿ଴ሻ଴.଻ଽ െ 31.4  
(7) 
 
Figure 77 shows the predicted data in accordance to Eq. (7) as well as the simulated results. 
The p-value corresponding to the simulated data and the values obtained from Eq. (7) is 
0.49. The correlation in Eq. (7) is a practical tool for designers to improve the cooling 
efficiency. 
 
Figure 77: Presented correlation to determine the cooling efficiency 
 
Compared to the power of the other terms, the mass fraction ratio has the largest power 
which shows that the cooling efficiency is more sensitive to water mass flow rate as the most 
effective design parameter. 
6. Discussion 
After validating the presented numerical model against the experimental study in this work, 
the two correlations accurately predict the wet length and cooling efficiency. Analysis on the 
two correlations show that although a decrease in droplets size and water mass flow rate 
decreases the wet length, at the same time it also deteriorates the cooling efficiency. 
Therefore, a more convenient tool is required to take both wet length and cooling efficiency 
into consideration at the same time. 
Figure 78 shows the combined trends of wet length to diameter ratio and cooling efficiency as 
the design parameters (droplet initial diameter, mass flow rate of water, initial salt 
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concentration) are varied. The data in Figure 78 corresponds to constant ambient conditions 
(Tg = 40oC, RH = 40%, ug = 1.5m/s). However, the design parameters including droplet 
diameter, water mass flow rate of spray, and initial concentration of salt are changing. 
Therefore, the data for cases 2 to 7 in Table 12 are excluded, but to obtain a higher validity, 
8 new cases are added to Figure 78 at the same ambient conditions. 
 
 
Figure 78: Constant mass flow rate and concentration curves. Data obtained from evaluating correlations in 
Eqs.  (6) and (7) at a the following ambient conditions (Tg = 40oC, RH = 40%, ug = 1.5m/s) 
 
The shown curves are obtained using the presented correlations in Eqs. (6) and (7). The 
solid curves correspond to the constant water mass flow rate of spray, and the dotted curves 
are related to constant diameter of the droplets. Moving from a low mass flow rate to a high 
one on a constant diameter curve, achieves an improved cooling efficiency, but a longer wet 
length. Also, travelling on a constant mass flow rate curve and decreasing the diameter, 
leads to an increase in cooling efficiency and decrease in wet length. Since generating 
smaller droplets are limited to the available nozzles in the market, a designer should find an 
efficient design preferably on the top left corner of Figure 78, because taking the wet length 
and the cooling efficiency into consideration, the best designs locate at this region.  
Using Figure 78, a designer should evaluate the design limitations and choose the best 
design. For example, in a compact design where the designer faces short distance between 
the nozzle and the heat exchangers, the case with the short wet length of 4.2 m and 30.8% 
cooling efficiency may be favourable. Here, the design suffers from a lower cooling efficiency 
to receive a shorter wet length which avoids the contact of wet droplets and heat 
exchangers. 
In a cooling tower with a large enough distance between the nozzles and heat exchangers, 
a high water mass flow rate condition would be favourable to achieve the highest cooling 
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efficiency of 37.3% at the expense of a long wet length of 4.9 m. In other words, increasing 
the saline water volume used for spray cooling achieves the desirable result while it is not 
only free of charge, but also leads to pure water preservation.  
Therefore, according to the a certain circumstances a designer may choose a design point 
with a low cooling efficiency and low but short wet length, or an improved efficiency but long 
wet length. In many cases an optimum performance may be chosen to achieve the best 
design. 
7. Conclusion 
A PDI study was performed and the experimental results were compared to numerical data 
obtained from the presented CFD simulation, using ANSYS FLUENT. After verifying the 
model, the performance of saline spray in cooling towers was investigated. A single solid full 
cone spray was simulated in geometry representative of cooling tower flow.  
After determining the temperature distribution in the domain, a sensitivity study was 
performed to investigate the effect of ambient conditions and spray specification on cooling 
performance. It was shown that initial size of droplets and water mass flow rate have the 
largest impact on the minimum distance between nozzle and heat exchangers (wet length) 
and cooling efficiency, respectively. After performing a non-dimensional analysis, these 
findings were presented in form of two dimensionless correlations. Looking at the overall 
trends, it was observed that increasing the saline water mass flow rate yields the best 
compromise. 
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3.3. Paper 6: Nozzle Arrangement Effect on Cooling Performance of Saline Water 
Spray Cooling 
This article investigates the influence of nozzle arrangement on the cooling performance of 
spray systems in natural draft dry cooling towers. Up to now, a single nozzle was studied 
and the influence of multiple nozzles on each other and on the overall cooling efficiency was 
not addressed. Investigation of the performance of multiple nozzle is important because in 
real life applications there are multiple nozzles working together. An engineering question is 
how to design an optimum arrangement for all nozzles. This paper answers to this question. 
To improve the numerical model of the solid particles in the sprayed water, the porosity and 
shape of final dried crystals were studied using scanning electron microscopy. The 
simulations consider five different nozzle arrangements each with six nozzles. It was shown 
that an efficient design achieves 2.91% higher cooling efficiency.  
This work has improved the knowledge about the practical use of saline water in spray 
assisted natural draft cooling towers.  
This article partially addresses the research aim #2. 
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Abstract 
Hybrid cooling is a promising technology to improve the performance of natural draft dry 
cooling towers. This article presents a computational fluid dynamics study analysing the use 
of saline water in a spray assisted natural draft dry cooling tower. A multicomponent Discrete 
Phase Model in ANSYS FLUENT is modified, using the porosity and final shape of dried 
crystals, and applied for the simulation of solid containing droplets in a spray. To investigate 
the influence of nozzle arrangements on the cooling performance of the sprays, a group of 
arrangements using six cone nozzles are considered, and the most efficient arrangement is 
presented. This paper provides new fundamental understanding in the area of saline spray 
cooling, and shows that nozzle arrangement may improve the cooling efficiency by 2.9%. 
Keywords: saline water; hybrid cooling; discrete phase model; multicomponent; heat and 
mass transfer; nozzle arrangement 
1. Introduction 
In a power plant cooling towers exhaust heat to the ambient. Improvements of cooling tower 
performance lead to increases of a power plant thermal efficiency. To enhance the 
performance of a natural draft dry cooling tower, hybrid cooling methods are suggested 
(Andrea Ashwood & Desikan Bharathan, 2011; Kloppers & Kröger, 2005). The two most 
common methods include water deluge and evaporative cooling, the latter is more efficient 
due to a higher heat and mass transfer contact area. Moreover, hybrid cooling uses less 
water compared to water deluge. In evaporative cooling, water spray cools down the inlet 
air (Figure 79), which leads to drop of minimum temperature of the thermodynamic cycle 
and consequently, increase of a power plant thermal (power conversion) efficiency. That is, 
compared to an identical dry cooling plant, more power can be generated using the same 
amount of heat input when spray cooling is used. 
Nonetheless, due to scarcity of natural water resources in hot arid areas, using saline water 
for spray assisted dry cooling towers is suggested as a promising alternative.  
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Figure 79: Dry stream in a spray assisted natural draft dry cooling tower using saline water 
 
Sadafi et al. developed a CFD model to simulate a single cone spray using saline water 
(M.H. Sadafi et al., 2015) in a vertical cooling tower representative arrangement. By 
comparing the results obtained for 3% NaCl concentration (by mass) with pure water, they 
showed that using saline water shortens the length from the nozzle, covered by the wet 
stream. This is a notable benefit, as it allows designers to reduce the distance between the 
nozzle and the heat exchangers, thereby shortening cooling towers without loss of spray 
cooling efficiency. In a subsequent study, Sadafi et al. verified their CFD model against their 
experimental results obtained from a Phase Doppler Interferometry (PDI) study. They 
showed that in a spray, large droplets push the smaller ones to the middle of the flow (Sadafi, 
Ruiz, Vetrano, Jahn, et al., 2016). Considering the design parameters (those which can be 
changed by the designer), the authors presented two dimensionless correlations to predict 
the wet length and cooling efficiency of a full cone nozzle. 
However, due to existence of metal surfaces, the corrosion of heat exchangers and 
deposition of salt are the pitfalls of using saline water to pre-cool the air in a cooling tower. 
These drawbacks can be avoided by a proper engineering design. For example, corrosion-
resistive materials can be used. Condamine power station in Australia uses a titanium 
condenser and fibreglass transmitting pipelines to avoid the above-mentioned issues. Other 
engineering methods include: painting and surface treatments (Kronenberg & Lokiec, 2001; 
Ohwaki et al., 2014), limiting water temperature (Kronenberg & Lokiec, 2001; R. Rao & 
Patel, 2011) and cathodic protection (Galiyano, Galiyano, Wiggs, & Aspacher, 1993). 
Despite its profound effect on the tower cooling efficiency, arrangement of nozzles in a 
cooling tower has received little attention. Smrekar et al. (Smrekar et al., 2006) showed that 
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by improving the spray arrangement design in the cooling tower, an optimal water 
distribution with a constant water/air mass flow rate can be achieved which can improve the 
cooling tower efficiency by 5.5% (Smrekar et al., 2006). The aim of this study is to better 
understand the use of saline water in spray assisted natural draft cooling towers. The current 
research focuses on the performance of different nozzle arrangements within a cooling 
tower. Particularly, how nozzle arrangement affects cooling efficiency and the distance over 
which saline droplets are not completely evaporated. The proposed model uses the new 
knowledge obtained from the results of Scanning Electron Microscopy. The model considers 
the porosity of dried particles with a more realistic way. Finally, a trade-off criteria is 
presented to help designer to choose the most suitable arrangement. 
2. Theoretical Modelling 
To simulate the behaviour of the saline water in a spray assisted natural draft dry cooling 
tower, ANSYS FLUENT release 16.1 is used ("ANSYS FLUENT® Academic Research, 
Release 16.1," 2015). 
2.1. Governing Equations 
An Eulerian - Lagrangian approach suggested by Nijdam et al. (Nijdam et al., 2006) is used. 
The standard k-ε model with the time-averaged Navier-Stokes equations is utilized in this 
model. The governing equations of the air flow are presented in (M.H. Sadafi et al., 2015). 
In the discrete phase, the trajectory of the droplets is determined by integrating the forces 
acting on the particle, which is written in a Lagrangian reference frame (ANSYS FLUENT 
Theory Guide, 2011): 
 
 (1) 
 
where FD is the drag per unit droplet mass, given by (ANSYS FLUENT Theory Guide, 2011): 
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where a1, a2, and a3 are constants that apply to smooth spherical droplets (here, a1 = 1.222, 
a2= 29.1667, and a3= -3.8889). A comprehensive procedure to determine these constants 
is presented in (Morsi & Alexander, 1972). 
The momentum, heat and mass transfer between the droplets and ambient gas are 
explained in (M.H. Sadafi et al., 2015).After reaching the vaporization temperature, the 
following mass transfer equation is also applied to the droplets (ANSYS FLUENT Theory 
Guide, 2011): 
 
, (4) 
 
The resulting coupled heat transfer equation is: 
 
 , (5) 
 
The rate of evaporation, ୢ୫౦ୢ୲ , is zero before the droplets heat up to reach the wet-bulb 
temperature. 
A first order upwind discretization scheme is used for turbulent kinetic energy and dissipation 
rate, and second order upwind scheme is chosen for momentum and energy. Moreover, the 
SIMPLE algorithm with staggered grids is used for velocity and pressure couplings. 
2.2. Discrete Phase Model Boundary Conditions 
The Discrete Phase Model (DPM) in ANSYS FLUENT simulates a multicomponent solution 
in a spray. It contains multi liquids. However, to study saline water spraying, a solid 
component has to be introduced to the model. To implement solid particles in sprayed water 
and predict the size evolution of saline water droplets in ANSYS FLUENT, the evaporation 
process of a single saline water droplet should be studied. Here, the physical model of 
evaporation developed by Sadafi et al. (Sadafi et al., 2014b; M. H. Sadafi, I. Jahn, et al., 
2015b) is used. In their four-stage model, when a solid containing droplet is exposed to a 
warm ambient gas, its temperature reaches to around wet-bulb temperature (first stage in 
Figure 80). In the second stage, the isothermal evaporation occurs during which the droplet 
shrinks until it reaches the critical (saturated) concentration.  
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Figure 80: Evaporation of a solid containing liquid droplet in hot ambient gas 
 
Next, in the third stage, solidification starts from the bottom of the droplet and grows from 
the side until a crust covers the droplet surface. Then, in the fourth stage, evaporation 
continues from the shrinking wet-core. In this stage, vapour diffuses through the pores of 
the solid crust until the droplet dries out, leaving a porous salt particle. 
When air is entrapped in the pores of a porous particle, it is necessary to consider the 
porosity as it changes the dried size and mean density of the particle (Lowell & Shields, 
2013). There are limited information regarding the shape and porosity of such dried crystals 
of saline water droplets. Therefore, the surfaces of dried droplets (stage 4) were investigated 
using Scanning Electron Microscopy (SEM). Figure 81 shows the existence of pores on the 
surface of a crystal formed during a saline water droplet evaporation. According to the 
observations in (Sadafi et al., 2014a), 62% of the pores range between 0.5 μm to 1.5 μm in 
size. 
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Figure 81: Scanning Electron Microscopy image of NaCl crystal created from evaporation experiments; 
formation of secondary crystals 
After processing the images obtained from SEM, the surface porosity of the salt particle was 
determined. The surface porosity is calculated by dividing the void area (total area of the 
pores) on the surface by the image area. A MATLAB code was created to process multiple 
images. Figure 82 shows how the pore locations were detected. The blue dots in Figure 
82– b show the presence of the pores. 31 images were processed and the average surface 
porosity of the salt was measured to be 6.95%. The actual porosity of dried salt is larger due 
to the formation of secondary crystals on the surface (Figure 81). Secondary crystals form 
on the surface close to the end of each pore because during evaporation a portion of the 
liquid from the wet-core, is transferred through the pores, and dries on the surface. 
 
 
Figure 82: SEM image before and after image processing; the blue dots locate the pores on the surface. 
 
Using this information, NaCl was introduced to the DPM as a component in the sprayed 
solution (3% by mass). In the multicomponent feature of DPM, besides pure water 
(96.985%), the entrapped air (0.015%) was defined as the third component in the sprayed 
solution to consider the measured porosity in the final dried particles. 
2.3. Geometry of Simulation 
To simulate nozzle arrangements in a cooling tower, nozzles were positioned either along a 
4 m diameter circle or within the circle as shown in Figure 83. To avoid any wall effect on 
the spray flow, a 10 m long cylinder with a diameter of 14 m was chosen as the simulation 
domain. The nozzles inject in the positive Z (upward) direction. The model includes gravity 
acting in the negative Z direction.  
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Five arrangements (Figure 83) were simulated, each using six full cone nozzles.  
 
 
 
Figure 83: The studied nozzle arrangements in the domain  
 
The half angle of the nozzles is 40o, the injected fluid is saline water with 3% initial NaCl 
concentration (by mass) and the DPM in ANSYS FLUENT generates groups of droplets with 
an initial size of 50μm from each nozzle. The temperature of the sprayed water is set to 20 
oC. The saline water mass flow rate of each spray was 0.02 kg/s. 
A smooth mesh with 326460 elements is used. To assess the mesh dependency of the 
results a spatial convergence examination is performed on the numerical grid using the grid 
convergence index (GCI) method explained by Roache (Roache, 1998). The GCI is (Slater, 
2006): 
 
ܩܥܫ ൌ ܨ௦|ߝ|ݎ௣ െ 1	
(6) 
 
In Eq. (6) Fs is a safety factor numerical value of which is suggested to be 3.0 for comparing 
results from two different grids (Slater, 2006). ߝ and r are the relative error of the solutions 
and the grid refinement ratio (r>1), respectively. p has a numerical value of two and is the 
order of convergence. The GCI is determined at the least stable region in the domain, which 
based on the simulation is downstream of the nozzle. Considering a 0.5 m cylinder with a 
length of 1 m and grid refinement ratio of 1.33, the maximum GCI is 2.1% among the 
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important variables regarding the nature of the flow. This small value for GCI shows a 
negligible dependence of the results on the grid size. 
3. Numerical Results and Discussion 
The validity of the proposed model was previously demonstrated for a single saline water 
droplet as well as a single nozzle spraying saline water (Figure 84). 
 
 
Figure 84: Validation of the model for (a) volume of single saline water droplet with 3% initial concentration at 
24 oC (M.H. Sadafi et al., 2015), and (b) D32 of the spray 5 mm from the nozzle with the half angle of 40o and 
saline water with 3% initial NaCl concentration at 23 oC and 58% relative humidity (Sadafi, Ruiz, Vetrano, 
Jahn, et al., 2016). 
 
In the current study, the ambient air data for the simulation are based on a hot summer day 
in Miles, Queensland. According to Australian Government, Bureau of Meteorology 
("Queensland Government, Department of Energy and Water Supply," 2014), we assumed 
ambient air temperature of 40 oC with 44% relative humidity ("http://www.bom.gov.au/," 
2014). Within the domain the air velocity was set to 1.5 m/s. 
Figure 85 shows the area mean temperature for concentric circles with width of 1 m and 
Figure 86 shows the contour plots of temperature in a horizontal plane 3 m away from the 
nozzles. This distance was chosen as all saline droplets had evaporated to the 4th stage of 
the model in (M. H. Sadafi, I. Jahn, et al., 2015a) by the time they reach this distance. Due 
to different arrangements of nozzles there are different temperatures in each region. 
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Figure 85: Area weighted mean temperature change in a perpendicular plane 3 m from the nozzles. 
 
However, to perform a quantitative comparison between different arrangements, an area 
weighted mean temperature is considered as:  
 
஺ܶ௥௘௔	௪௘௜௚௛௧௘ௗ ൌ ∑ r୧
ଶT୧୫୧ୀ୬
∑ r୧ଶ୫୧ୀ୬ ,
(7) 
 
where ri and Ti are the ith terms of radius and temperature. 
 
 
Figure 86: Temperature contours in a perpendicular plane 3 m from the nozzles. 
 
Using the area weighted mean temperatures, cooling efficiency was defined as: 
 
, (8) 
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where Tinlet and Twetbulb are based on the ambient air upstream of the nozzle and Toutlet is 
based on the mean temperature on a 3 m diameter disc, placed 3 m downstream of the 
nozzle. This efficiency indicates the performance of the nozzle and sprayed liquid to achieve 
maximum evaporation 3 m from the nozzle. Table 13 lists the mean temperatures and 
cooling efficiencies obtained from the simulations as well as the wet legths.  
 
Table 13: Cooling efficiency and mean temperature of different arrangements 
Arrangement 
No. 
Cooling Efficiency 
[%] 
Area Weighted 
Mean Temperature 
[oC] 
Wet Length 
(m) 
1 20.35 37.76 2.26 
2 21.47 37.64 2.20 
3 19.42 37.86 2.16 
4 20.25 37.77 2.25 
5 20.52 37.74 2.11 
 
As shown in Table 13, arrangement 2 has the lowest mean temperature and highest cooling 
efficiency, while arrangement 3 is the least efficient. Therefore, using the optimum nozzle 
arrangement may improve the cooling efficiency by 2.05% and may increase mean 
temperature reduction by 10%. An economic study Ashwood and Bharathan showed that a 
7.5 oC reduction in temperature due to spray cooling leads to 14% improvement in power 
generation rate in a 20 MW power plant (Andrea Ashwood & Desikan Bharathan, 2011). 
The other important parameter involved in using saline water for spray cooling is wet length. 
Wet length is the distance from the nozzles for which the air stream is still wet. This length 
is important as installing the heat exchangers before it leads to corrosion and increases the 
chance of deposition of salt on the surfaces. Using the four-stage model of [3], the evolution 
of a single saline water droplet radius follows the trend shown in Figure 87. During the first 
and second stages, the droplet surface is wet, while in the third stage the surface of droplet 
is partially dry. Finally, in the fourth stage, a dry layer of salt covers the liquid droplet, 
resulting in dry particles and consequently a dry air stream. However evaporation continues 
as the liquid inside the porous salt particle evaporates. 
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Figure 87:  Numerical results for dimensionless radius of a single saline water droplet against dimensionless 
time (T=40 oC, RH = 44%, R0 = 50 μm, c0 = 3% by mass) 
 
The percentage of droplets with a wet-surface, as a function of distance from the nozzle 
plane, is shown in Figure 88 for the five nozzle arrangements. After the start of the fourth 
stage (end of wet length), 100% of the droplets are dry. This figure shows that for all 
arrangements there is little variation in the distance at which stage 4 is reached (less than 
0.15 m). Comparing the different arrangements shows that arrangement 5, with the most 
uniform spacing of nozzles yields the shortest wet length and that arrangements where 
nozzles are clustered towards the centre of the circle (1 and 4) have a longer wet length. 
Different performances for the five arrangements are due to the interaction between 
adjacent nozzles. In other words, arrangement 2 has the highest cooling efficiency because 
the spray areas of the nozzles have the least overlap among the five arrangements, leading 
to most uniform cooling. On the other hand, the cooled area in arrangement 3 is 
concentrated at the middle of the domain (Figure 86). Therefore, arrangement 3 is affecting 
a smaller area which leads to a higher mean temperature and consequently less improved 
cooling efficiency. The interaction between the nozzles is independent from the ambient 
conditions (gas temperature, relative humidity, and velocity in the range of natural draft 
cooling tower operating condition). Thus, these results are applicable for different cooling 
tower representative ambient conditions. To determine wet length, the last single droplet 
with numerically wet surface is considered in the model. The location with dry surface for all 
droplets not only depends on the ambient conditions and geometry, but also is a function of 
turbulence effects. Therefore, the arrangement with the best cooling efficiency has not 
necessarily the shortest wet length. According to the obtained results in the current study 
and the ones reported in (Sadafi, Ruiz, Vetrano, Jahn, et al., 2016), different nozzle 
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arrangements have a weak influence on wet length compared to ambient and initial 
conditions including: gas temperature, relative humidity, velocity, droplet size, and water 
mass flow rate. The presence of a dry stream is a complex interaction between the 
evaporation process, which affects the droplet mass and the droplet falling velocity relative 
to the free-stream, which is highly dependent on localised fluid flow (Kronig & Brink, 1951).   
 
 
Figure 88: Percentage of wet-surfaced droplets for different nozzle arrangements shown in Figure 83 
 
As shown in Table 13, the shortest wet length corresponds to arrangement 5, which has a 
sub-optimal cooling efficiency. Therefore to determine the optimum design a trade-off 
between this factor and cooling efficiency is required. According to certain circumstances, a 
designer may choose an arrangement with a low cooling efficiency and low but short wet 
length, or an improved efficiency, but long wet length.  
For the conditions described in this work, cooling efficiency is a stronger design parameter, 
because the wet lengths are very similar. However, in certain circumstances with different 
initial conditions, the wet length might be more important. The selection of an arrangement 
should consider the limitation of the project including: available area and vertical length, 
budget, ambient conditions, available mass flow of water, etc 
4. Conclusion 
The influence of nozzle arrangement on the cooling performance of a spray system using 
saline water in a natural draft dry cooling tower was investigated. To develop a numerical 
model allowing usage of solid particles in the sprayed water, porosity and shape of final 
dried crystals were studied using Scanning Electron Microscopy. After simulating saline 
water sprays, five different nozzle arrangements each with six nozzles were simulated. It 
was shown that an efficient nozzle arrangement achieves 2.91% higher cooling efficiency. 
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Moreover, different arrangements of nozzles results in formation of different wet lengths. For 
all arrangements the formation of a solid crust is achieved over a short distance and full 
evaporation is achieved before 2.26 m from the nozzles. The nozzle arrangement does not 
influence the wet length significantly. 
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Nomenclatures 
A surface area (m2) t time (s) 
a1, a2, a3 constants in drag coefficient 
calculation 
T temperature (K) 
cp specific heat (J/kg K) V velocity (m/s) 
CD drag coefficient y molar concentration  
D diameter (m) ߝ relative error of solution  
FD drag force per unit mass 
(m/s2) 
ߟ஼௢௢௟௜௡௚ cooling efficiency (%) 
Fs safety factor ߩ density (kg/m3) 
Fx1 additional acceleration (m/s2) μ dynamic viscosity (kg/m s) 
g gravitational acceleration 
(m/s2) 
  
GCI grid convergence index Subscripts  
݄ sensible enthalpy (J/kg)   
hD mass transfer coefficient (kg 
mol/m2 s) 
d droplet 
hfg specific enthalpy of 
evaporation (J/kg) 
g gas 
m mass (kg) i Cartesian component 
N molar flux of vapour (kg 
mol/m2 s) 
inlet condition at entry of 
computational cell 
p order of convergence  outlet condition at exit of 
computational cell 
r grid refinement ratio s surface  
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R radius of domain (m) r relative 
ܴ݁ Reynolds number	ൌ ஽೏௏ೝఔ೒  wetbulb wet-bulb   
RH relative humidity ∞ free stream 
6.    References 
[1] A. Ashwood, D. Bharathan, Hybrid cooling systems for low-temperature geothermal 
power production, in, National Renewable Energy Laboratory, Golden, CO, 2011, pp. 1-62. 
[2] J.C. Kloppers, D.G. Kröger, Cooling tower performance evaluation: Merkel, Poppe, and 
e-NTU methods of analysis, Journal of Engineering for Gas Turbines and Power, 127 (2005) 
1-7. 
[3] M.H. Sadafi, I. Jahn, K. Hooman, Cooling performance of solid containing water for spray 
assisted dry cooling towers, Energy Conversion and Management, 91 (2015) 158-167. 
[4] M.H. Sadafi, S.G. Ruiz, M.R. Vetrano, I. Jahn, J.v. Beeck, J.-M. Buchlin, K. Hooman, An 
investigation on spray cooling using saline water with experimental verification, Energy 
Conversion and Management, 108 (2016) 336-347. 
[5] T. Ohwaki, W. Urushihara, J. Kinugasa, K. Noishiki, Aluminum alloy material having an 
excellent sea water corrosion resistance and plate heat exchanger, in, Google Patents, 
2014. 
[6] G. Kronenberg, F. Lokiec, Low-temperature distillation processes in single- and dual-
purpose plants, Desalination, 136 (2001) 189-197. 
[7] R. Rao, V. Patel, Optimization of mechanical draft counter flow wet-cooling tower using 
artificial bee colony algorithm, Energy Conversion and Management, 52 (2011) 2611-2622. 
[8] M.P. Galiyano, M.J. Galiyano, B.R. Wiggs, J.T. Aspacher, Modular tube bundle heat 
exchanger and geothermal heat pump system, in, Google Patents, 1993. 
[9] J. Smrekar, J. Oman, B. Širok, Improving the efficiency of natural draft cooling towers, 
Energy Conversion and Management, 47 (2006) 1086-1100. 
[10] ANSYS FLUENT® Academic Research, Release 16.1, in, 2015. 
[11] J.J. Nijdam, B. Guo, D.F. Fletcher, T.A. Langrish, Lagrangian and Eulerian models for 
simulating turbulent dispersion and coalescence of droplets within a spray, Applied 
mathematical modelling, 30 (2006) 1196-1211. 
[12] ANSYS FLUENT Theory Guide, 2011. 
[13] S. Morsi, A. Alexander, An investigation of particle trajectories in two-phase flow 
systems, Journal of Fluid Mechanics, 55 (1972) 193-208. 
168 
 
[14] M.H. Sadafi, I. Jahn, A.B. Stilgoe, K. Hooman, A theoretical model with experimental 
verification for heat and mass transfer of saline water droplets International Journal of Heat 
and Mass Transfer, 81 (2015) 1-9. 
[15] M.H. Sadafi, I. Jahn, A.B. Stilgoe, K. Hooman, Theoretical and experimental studies on 
a solid containing water droplet, International Journal of Heat and Mass Transfer, 78 (2014) 
25-33. 
[16] S. Lowell, J.E. Shields, Powder surface area and porosity, Springer Science & Business 
Media, 2013. 
[17] M.H. Sadafi, I. Jahn, A.B. Stilgoe, K. Hooman, An investigation of evaporation from 
single saline water droplets: experimental and theoretical approaches, in:  19th Australasian 
Fluid Mechanics Conference, Melbourne, VIC, 2014. 
[18] P.J. Roache, Fundamentals of computational fluid dynamics(Book), Albuquerque, NM: 
Hermosa Publishers, 1998., (1998). 
[19] J.W. Slater, Examining spatial (grid) convergence, Public tutorial on CFD verification 
and validation, NASA Glenn Research Centre, MS, 86 (2006). 
[20] Queensland Government, Department of Energy and Water Supply, in, 
https://www.dews.qld.gov.au, 2014. 
[21] http://www.bom.gov.au/, in, 2014. 
[22] M.H. Sadafi, I. Jahn, A.B. Stilgoe, K. Hooman, A theoretical model with experimental 
verification for heat and mass transfer of saline water droplets, International Journal of Heat 
and Mass Transfer, 81 (2015) 1-9. 
[23] R. Kronig, J.C. Brink, On the theory of extraction from falling droplets, Applied Scientific 
Research, 2 (1951) 142-154. 
169 
 
CHAPTER 4: Conclusion 
4.1. Summary 
 
Natural draft cooling towers are becoming more popular due to shortage of water sources 
and because they lead to energy saving. A negative point of these cooling systems is that 
their performance depends on dry-bulb temperature of the ambient air which is undesirable 
in hot summer days. To overcome this imperfection, evaporative cooling is suggested, which 
sprays pure water on the inlet air, cools the incoming air and improves the cooling 
performance. However, due to water scarcity in arid areas, providing pure water is a serious 
challenge. An alternative would be to use widely available saline water. This thesis shows 
that using saline water in spray cooling not only leads to conservation of pure water sources 
and budget savings, but also improves the cooling performance. To achieve this valuable 
finding, three research goals were defined in this thesis.  
4.2.  Progress towards research aims 
4.2.1. Aim 1: Investigation of evaporation from single pure and saline water 
droplet 
To investigate the evaporation from single droplets, an extensive literature review was 
performed. Based on experimental observations in this research, an improved four-stage 
model was presented in this thesis, which captures the size, temperature, and evaporation 
rate of solid containing droplets more accurately than those in literature (see section 2.2). 
This new model includes an additional stage that models the transient formation of the crust 
which starts from the bottom until the entire droplet is enclosed. Based on the wide-ranged 
experimental tests in this study, a comparison of evaporation potential (ability to absorb 
energy) of pure and saline droplets was performed, which showed that saline droplets 
consume less energy per unit mass (7.3% for 3% salinity) due to weight fraction occupied 
by the dissolved solid.  
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The research also showed that widely used laser based methods for measurements of 
droplet temperature and size significantly increase evaporation rate. The influence of low-
power laser sources on evaporation of single droplets was studied (see section 2.3). For 
initial salt concentrations of 0% and 10% evaporation rate can increase by a factor of 2.7 to 
5.64. These effects must be taken into consideration while using laser based measurement 
techniques  
4.2.2. Aim 2: Simulation of saline water spraying in cooling tower representative 
condition and development of accurate lower order models 
After understanding the evaporation process of a single saline water droplet, a numerical 
model for saline water spraying was developed. The multicomponent discrete phase model 
in ANSYS FLUENT is modified to simulate spray cooling with media containing dissolved 
NaCl. To make an accurate set of modification, micro analysis of data obtained from 
observing NaCl crystals using scanning electron microscope was performed. The results 
present an accurate lower order model that can accurately simulate the evaporation of 
liquids with dissolved solids (see section 3.1). 
This model was used for a sensitivity study to investigate the effects of ambient conditions 
and spray specification on cooling performance (see section 3.1). Results showed that initial 
size of droplets and water mass flow rate have the largest impact on the minimum distance 
between nozzle and heat exchangers (wet length) and cooling efficiency, respectively. The 
wet length ranged between 4.3 m and 5.25 m. By performing a non-dimensional analysis 
two dimensionless correlations for wet length and cooling efficiency were created. These 
gave new insight into trends relating to saline water spray cooling systems. Looking at the 
overall trends, it was observed that increasing the saline water mass flow rate yields the 
best compromise.  
A laboratory test was performed to partially validate the new numerical model for saline 
water spraying (see section 3.2). A single full cone nozzle spraying saline water was 
characterized using phase Doppler interferometry. Particle size and velocities were 
measured at 10 points in the spray. The values for droplet size was compared with the 
predicted data from numerical model. Good agreement between the results certified the 
numerical model. 
4.2.3. Aim 3: Evaluating the performance of saline water spray compared with 
pure water and analysis 
To evaluate cooling performance a single spray using saline water and pure water were 
compared (see section 3.1). It was shown that in an upward spray flow, closer to the nozzle 
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is cooler for saline water spraying than that of pure water (8% improve in cooling efficiency). 
The principle behind this corresponds to the increasing mean density of evaporating saline 
water droplets, which slows down the upwards movement of droplets. Thus, the net water 
content closer to the nozzle is larger for saline water compared to pure water, and 
consequently latent heat transfer is improved. 
The increasing density of saline water droplets also influences the distance from the nozzle, 
which a dry stream forms (wet length). This length is an important design parameter, 
because the shorter wet length allows the constructing of more compact cooling towers. This 
length is strongly influenced by the formation of a dry crust around droplets in a spray. It was 
shown that wet length for saline water spray is up to 30% shorter than that of pure water 
spray.  
To investigate the influence of nozzle arrangements on cooling performance in spray 
cooling, a group of arrangements using six cone nozzles were considered, and the most 
efficient arrangement was presented. It was shown that an efficient nozzle arrangement 
achieves 2.91% higher cooling efficiency. Moreover, different arrangements of nozzles 
results in formation of different wet lengths. For all arrangements the formation of a solid 
crust is achieved over a short distance and full evaporation is achieved before 2.26 m from 
the nozzles. The nozzle arrangement does not influence the wet length significantly. 
4.2.4. Summary 
In addition to simulating the spray evaporation, the underlying effect causing the improved 
performance were identified. The main findings from the current work are: reduced water 
consumption, more compact tower construction costs, and improved cooling performance. 
The improvement in cooling efficiency is up to 8% compared to pure water spraying. With 
the correct designs, using saline water instead of fresh water results in performance 
improvement and budget saving due to saving in natural water cost and generating excess 
electricity.  
 
4.3. Advances in numerical methods 
Two main advances were made for models including: individual droplets, and sprays. 
4.3.1. Individual droplet modelling 
For single droplets, a fully implicit algorithm for the four stages of evaporation, with fixed 
time-step and changing grid for the first and second stages was created using MATLAB (see 
section 2.1). In the fourth stage, a ghost cell approach is used for the interface of crust and 
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wet-core. Using this approach resulted in more accurate results as it allows the movement 
of the interface to be modelled. Schematic arrangement of a ghost cells are shown in Figure 
89. The ghost cell approach is applicable in engineering problems with moving boundary 
conditions. 
 
 
Figure 89: Ghost cells applied in the numerical model in stage 4 
The model uses approaches similar to literature for the first and second stage. In the third 
stage of evaporation (transition to crust formation), a numerical approach which blends the 
equations of the evaporation and drying (second and fourth) stages is added. The blending 
is controlled by a weighting factor z defined as the volume fraction of the wet volume to the 
whole particle. It starts at unity at the beginning of the third stage and goes to zero at the 
end of this period. The equations for the second stage are applied to a fraction of the droplet 
and the equations for the fourth stage are applied to the remainder It was shown that 
applying this transient stage results in a smooth temperature rise after the isothermal 
evaporation stage.  
After crust formation (fourth stage), vapour diffuses from the pores of the crust. These pores 
are treated as the Stefan’s tubes in the numerical model. Stefan’s flow (flows in Stefan’s 
tube) is the transport phenomenon of a substance in fluid flow (usually gas), which is created 
by the production or removal of the substance at an interface. In with a concentration 
gradient, diffusion also occurs and the total transport rate is the summation of the Stefan’s 
flow and diffusion. 
This revised four stage model for the evaporation of solid containing droplet was validated 
against data from literature and shows improved agreement with experimental data, 
particular during the newly added third stage. 
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4.3.2. Spray modelling 
For numerically efficient spray modelling, the multicomponent liquid spray option in FLUENT 
was modified to create an accurate and numerically efficient model (see section 3.1). To 
accurately capture the evaporation of saline water droplets, a solution with three 
components including water, NaCl, and air was introduced to the FLUENT model. This 
approach accurately captures the drying process, closely matching size and temperature 
predictions of the higher order model and also correctly predicts the porosity of final crystals, 
a parameter that is important for the accurate simulation of the transport of dried droplets.  
 
4.4. Advances in experimental methods 
 
4.4.1. Individual droplets 
To measure the size of evaporating droplets, digital images were processed. There are two 
approaches for determining the correct size including 2-D and 3-D models. In the 2-D 
approach, the images taken from a stationary droplet is processed and the equivalent size 
is determined (see section 2.1 for more information). On the other hand, in the 3-D model, 
to capture images in various directions of a droplet, a droplet is held using a filament and 
rotated using a servo motor. A stationary camera monitors the rotating droplet. The 
frequency of servo motor is set to a different one compared to that for image processing. 
Using the 3-D approach led to 1.5% decrease in uncertainties. The radius of the obtained 
circle was the droplet radius.  
In the experimental tests using glass filaments, with a smaller knob and thinner tail leads to 
more accurate results.  
Generating a high air velocity with high temperature (more than 40 oC) is challenging which 
requires using a large enough power supply. To provide high temperatures with resistive 
wires, using metal-oxide semiconductor field-effect transistor (MOSFET) is recommended 
instead of normal transistors due to their better ability to amplify power. 
4.4.2. Sprays 
For the experimental tests on sprays, phase Doppler interferometry (PDI) was used to 
characterise the spray. However, in case a phase Doppler particle analyser (PDPA) is 
available, PDPA is recommended, because it is more accurate. In addition, easy movement 
of the laser and detector makes the test much more convenient by collecting data at various 
points of a flow.  
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4.5. Future works 
There are several areas to continue this research in order to further enhance understanding 
of saline water use in spray cooling applications:  
(1) The scope of this research was limited to a single nozzle spraying in vertical flows. 
For future works, simulation of full spray assisted NDDCT using saline water is very 
helpful. The results from the current research used uniform flow in the direction of the 
spray. While these results achieved useful information in the area of saline water 
spraying, in a real life NDDCT air is sucked from the bottom of tower (horizontally) 
and passes through the heat exchangers and tower outlet (vertically). This results in 
non-uniform air velocity profiles and associated non-uniformities in air temperature. 
Simulating a full spray assisted NDDCT will bring this project one step closer for real 
life application. 
(2) Experimental studies to certify the simulation result in cooling tower representative 
conditions. The experimental tests should be performed in an actual cooling tower or 
a wind tunnel with hot air. This will validate that the droplets in a spray fully evaporate. 
Providing a wind tunnel with hot gas flow (40 oC) is a challenge. At the time of this 
project, the wind tunnel of Queensland Geothermal Centre of Excellence (QGECE) 
in Gatton campus lacked a powerful heater to generate the hot air flow. Performing 
the tests at cooling tower conditions validates that the predicted values for cooling 
efficiency and wet length (the length after nozzles where a dry stream forms) can be 
achieved in a real cooling tower.  
(3) Investigation of the contact between saline water droplets and heat exchanger 
surfaces. Due to existence of salt particles in saline water spray, there is a risk of 
corrosion of metal surfaces and deposition of salt on the cooling tower. To evaluate 
the possibility of corrosion and deposition, a project may be defined to perform 
investigations both numerically and experimentally. A suitable research question 
would be: What happens after contact of saline water droplets and metal surfaces? 
How do deposit build up on heat exchangers?, and how can corrosion can be 
avoided?  
(4) Collision and coalescence of droplets. These effects are neglected in the simulations 
in the present research and most droplet spray studies in literature. In addition, the 
saline water sprayed in the model was assumed to be atomized. In other words, no 
secondary breakup was taken into consideration in the model. Further breakup might 
take place were droplet Reynolds number is large and there is a high relative velocity. 
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Including collision and breakup in the CFD model for spray will improve the simulation 
accurately. 
(5)  Tracking of solid particles after full evaporation in a cooling tower. There might be a 
concern regarding the transport of dried particles after full evaporation. Research on 
the key parameters that influences the travelling distance of these particles can be 
helpful for designers. This may be important for an environmental engineering point 
of view due to effects of salt contamination of the environment adjacent to a cooling 
tower. The research project could investigate how to control and possibly re-capture 
the dried particles.  
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Abstract 
Heat transfer to and mass transfer from NaCl-water droplets are investigated both 
numerically and experimentally. A new model is presented and used to simulate saline water 
droplet evaporation. The model is robust enough to be applied for various initial 
concentrations and conditions of the droplet, ambient conditions, and dissolved media 
properties. The model is validated using experimental data obtained in this study on top of 
those already available in the literature. The experimental apparatus as well as the 
processing routines to optically measure droplet evaporation at a range of ambient 
conditions are presented. Data were collected for droplets with an initial radius of 500 μm at 
three temperatures 25 oC, 35 oC, and 45 oC and three air velocities 0.5 m/s, 1.5 m/s, and 
2.5 m/s to provide a comprehensive validation dataset. Based on experimental and 
simulation data, a correlation is presented that captures the start time of solid formation. 
This time plays an important role in cooling tower design as it shows the time that the outer 
surface of the droplet dries. Using the validated model, it is shown that for 500 μm radius 
droplets with 5% initial mass concentration the start time of reaching the final size is 24.9% 
less than evaporation time of a pure water droplet. Also, the net energy required to evaporate 
the droplet falls by 12.2%compared to a pure water droplet. Using saline water in spray-
cooling has two major effects: the energy extracted from the air per unit droplet volume is 
reduced (which can be compensated for by increasing the liquid flow rate). Moreover, 
compared to the time taken for the evaporation of a pure water droplet, the period with wet 
surface is shorter as a result of crust formation around the saline water droplet. This allows 
a shorter distance between spray nozzles and heat exchangers. 
1. Introduction 
Scarcity Improving the efficiency of dry cooling towers has always been a challenge for 
designers. For instance, in arid areas production capacity losses of about 50% are predicted 
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(Andrea Ashwood & Desikan Bharathan, 2011). To enhance the performance of dry cooling 
towers, hybrid methods are suggested to decrease inlet air temperature. Two hybrid 
methods are available in dry cooling systems: evaporative spray cooling of the inlet air, and 
using water deluge to cool the air. Spray assisted dry cooling towers are more efficient and 
cost effective in arid areas as they do not require a large volume of water. In liquid spray 
cooling systems small droplets increase the contact area with the air resulting in higher total 
heat and mass transfer. Applying spray cooling in dry areas, however, faces an obvious 
challenge of fresh water scarcity. However, as an alternative, saline water might be available 
in spray-assisted dry cooling towers (hybrid). For example, in arid areas in Queensland, 
Australia a large volume of water is produced in the production of natural gas from coal-bed 
methane. Methane desorbs from coal if pressure is decreased in the underground reservoir 
by water pumping (Rice & Nuccio, 2000). Therefore, saline water will be available as a 
valuable source for spray cooling systems. There are, nonetheless, some dissolved and 
insoluble materials in this water. Kinnon et al. showed that NaCl is the main salt in the saline 
water from coal-bed methane production (Kinnon et al., 2010). According to those authors, 
NaCl constitutes about 84% (mass based) of the total dissolved salt in Bowen Basin in 
Queensland. Due to similarities between the physical properties of NaCl and the other 
dissolved salts, NaCl may be considered as the main dissolved salt in saline water.  
To simulate the evaporation process from solid-containing droplet, researchers have 
suggested two (Abuaf & Staub, 1985; Elperin & Krasovitov, 1995) and three-stage models 
(Dalmaz et al., 2007; Farid, 2003; Mezhericher et al., 2007; Nešić & Vodnik, 1991). In 
general, the evaporation of droplets can be described as follows (see “Figure 90”):  
1. The droplet is warmed/cooled to be close to ambient conditions, 
2. Evaporation takes place during an isothermal phase, 
3. First particles form at the bottom of the droplet (Charlesworth & Marshall, 1960) and 
grow to cover the upper part, 
4. The remaining water is then evaporated followed by complete drying.  
The slow formation of the crust is considered in the mathematical modelling by Sadafi et al. 
(Sadafi et al., 2014b). In their four-stage model they showed that the droplets shrink even 
after presence of solid particles on the surface which results in a better agreement with the 
experimental results compared to former models (Sadafi et al., 2014b).  
Using microscope digital camera, Sadafi et al. monitored the droplet size at low air velocities 
to note that the droplets shrink after crust formation in slow evaporation under standard room 
conditions (Sadafi et al., 2014b). 
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Figure 90: Stage of evaporation of a solid containing water droplet 
2. Theoretical Modelling 
The four-stage model developed by Sadafi et al. (Sadafi et al., 2014b) was used in this 
study. 
2.1. Four-Stage Model 
According to this model, during the first stage of evaporation, the temperature of a saline 
water droplet adjusts to approach the wet-bulb temperature. Evaporation in this stage is 
negligible compared to the later stages. Next, the second stage starts and the droplet size 
decreases. This stage is an approximately isothermal process with a nearly constant 
evaporation rate. As water evaporation continues, solid concentration rises to the critical 
concentration which, in turn, depends on the solid properties. Once the critical concentration 
is reached, the third stage kicks off and solid crystals are formed in the lower part of the 
droplet. Then, they start to extend up to the droplet sides as the third stage progresses.  
Finally, the fourth stage starts once a solid crust forms around the entire droplet. This solid 
crust then grows in thickness until all the liquid is evaporated. This crust is assumed to be a 
porous medium allowing the diffusion of water vapour through its pores.  
Assuming axisymmetric shape for the droplet, homogenous properties, and neglecting 
directional forces (e.g. gravity) (Ranz & Marshall, 1952), the energy equation for the droplet 
is (Mezhericher et al., 2007): 
 
∂ሺρc୮Tሻ
∂t ൌ
1
rଶ
∂
∂r ൬kr
ଶ ∂T
∂r൰ 
(1) 
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where T is the temperature (of the droplet in the first and second stages or of the crust or 
wet-core during the fourth stage). The following boundary conditions are applied for the first 
and second stage: 
 
ە
۔
ۓ∂T∂r ൌ 0,																									 																							 r ൌ 0
h൫T୥ െ T൯ ൌ kୢ ∂T∂r ൅ h୤୥
m୴ሶ
Aୢ ,										r ൌ Rୢ
 (2) 
 
where Rୢ is the droplet outer radius in the first and second stage. The following conditions 
apply for the fourth stage: 
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where Rሺtሻ is the radius of the interface between the wet-core and the crust.  
As latent heat is dominant, compared to sensible heat, the energy balance equation applied 
to the first and second stages and the wet-core in the fourth stage can be simplified to 
(Mezhericher et al., 2007): 
 
h୤୥mሶ ୴ ൌ hሺT୥ െ TሻAୢ (4) 
 
Changes in the droplet radius in the first two stages and the wet-core radius in the fourth 
stage is determined by solving “equation (5)” (Mezhericher et al., 2007). To calculate the 
wet-core radius in the fourth stage, the effective surface area in the right hand side of 
“equation (5)” must be adjusted to include the porosity: 
 
dሺrሻ
dt ൌ െ
1
4ρπrଶ mሶ ୴ (5) 
 
The vapour mass flow rate from the wet-core in the fourth stage is obtained using “equation 
(6)”  as described in (Sadafi et al., 2014b): 
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(6) 
 
Here, it is assumed that the vapour diffuses through a number of Stefan tubes. The argument 
in the logarithmic term shows the vapour mass concentration gradient through the pore. The 
multiplier is the density of the vapour times the vapour diffusion coefficient and the pore 
cross-sectional area.  
To calculate the heat and mass transfer coefficients at the gas-liquid interface when gas is 
forced to flow over (and around) the droplet, the correlations from Ranz and Marshall (Ranz 
& Marshall, 1952) are used: 
 
Nu ൌ 2 ൅ 0.6Reୢ
ଵ
ଶPrଵଷ (7) 
Sh ൌ 2 ൅ 0.6Reୢ
ଵ
ଶScଵଷ (8) 
 
In the model developed by Sadafi et al. (Sadafi et al., 2014b), the third stage is introduced 
by a adding a weighting factor “z” to blend the equations of evaporation and drying (second 
and fourth) stages. Here, z is the volume fraction of the wet volume to the whole particle.  It 
is equal to unity at the beginning of the third stage and goes to zero at the end of this period. 
Details of the calculation of droplet properties in different stages are presented in (Sadafi et 
al., 2014b).  
A Lagrangian formulation of the flow field is used to solve the governing equations for the 
first and second stages. A grid with 64 cells in the radial direction is implemented and a fixed 
time step of 0.1 s is used for the transient implicit solution. For the fourth stage, a uniform 
grid distribution with size of 4 μm in the radial direction is implemented and an adaptive time 
step with initial value of 0.05 s is used to obtain the transient implicit solution. Results 
obtained using shorter (half) time steps and spatially-refined grids are found to be within 1% 
of those obtained from the baseline. The obtained results from the model are validated in 
(Sadafi et al., 2014b). 
189 
 
3. Experimental Study 
In this section, the experimental results for water droplets containing NaCl are presented 
and compared with those from theoretical model. 
3.1. Experimental Setup 
A variable speed fan is used to provide a wide range of air velocities. Before passing through 
an aluminium flow straightener, the air stream is heated using a heater. The heater resistive 
wires are automatically controlled using a feedback loop to achieve a prescribed 
temperature as measured by the two thermocouples (to measures dry-bulb and wet-bulb 
temperatures). The droplet is suspended in the channel using a filament and its size is 
continuously measured by a microscope digital camera as described in (Sadafi et al., 
2014b).  
As the evaporation progresses (especially after solid formation) the photo capture may be 
inaccurate because the droplet loses its axisymmetric shape. This is because the camera 
only captures one view of the droplet outline at a time. Therefore, in the case of a concave 
or convex shape on the droplet surface, the actual size is missed by the camera. To 
overcome this issue a computer controlled low speed (less than 5 rpm) servo motor is used 
to rotate the filament and the droplet during the experiment. This ensures that the pictures 
of the droplet can be taken from different angels. 
3.2. Test Conditions 
Unsteady Since the objective of this research is to study the evaporation behaviour of droplet 
solution in dry cooling towers, relevant conditions are chosen for experimental tests. A 
typical dry cooling tower in Queensland operates at around 45oC on hot summer days. 
However, this temperature can be less than 25oC in some periods of a year. Therefore, three 
temperatures of 25, 35, and 45 oC are selected for the ambient air temperature. To study 
the influence of air flow rate on convection heat transfer three air speeds of 0.5, 1.5, and 2.5 
m/s were chosen to simulate typical air velocities inside cooling towers. As NaCl is reported 
to be the main solid in the saline water (Kinnon et al., 2010); NaCl solutions with initial mass 
concentration of 5% was chosen. A range of relative humidity values were chosen as it 
varies throughout the year. A micropipette with the accuracy of 0.01 µL was used to generate 
droplets with initial diameters of about 1 mm. 
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3.3. Data Collection/Processing 
Droplet diameter was continuously monitored and recorded using an optical microscope and 
video camera to measure the changes in the droplet size during the experiment. Using the 
servo motor allows estimating a more accurate size for the droplet by averaging images 
taking at different angels. The minimum and maximum frequency of the servo motor is 0.1 
Hz and 1 Hz, respectively, whilst the photos are captured at 0.055 Hz.  The uncertainty of 
radius measurements is less than 2.2% with servo speeds of 0, 3, and 6 rpm (using the 
procedure recommended by Moffat (Moffat, 1988)). Each experimental test was repeated at 
least three times. The results fell within the respective uncertainty bounds, thereby 
demonstrating that our laboratory studies are repeatable with a high level of reliability. 
Following the procedure recommended by Moffat (Moffat, 1988), the uncertainty in 
measuring the droplet size is found to be less than 3.68%. 
3.4. Experimental Results 
“Figure 91” to “Figure 93” show the predicted as well as the experimentally-measured 
radius of the droplet when the air temperature is set at 25 oC. Note that the predicted final 
sizes of the droplets are 269 μm, 259 μm, and 267 μm for 0.5, 1.5, and 2.5 m/s air velocity, 
respectively. 
 
  
Figure 91: Radius of the droplet for 25 oC 
 
“Figure 92” shows the experimental data and simulated results for 35 oC gas temperature at 
different air stream velocities. The predicted final sizes are in a good agreement with the 
experimental results.  
As shown in “Figure 93” the predicted final solid sizes for different air velocities in 45 oC 
perfectly correspond to those measured in the experimental tests. Moreover, as the air 
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velocity increases the agreement between the model prediction and experimental data 
improves.  
 
 
Figure 92: Radius of the droplet for 35 oC 
 
Figure 93: Radius of the droplet for 45 oC 
4. Discussion 
From a design analysis point of view, predicting the start time of solid formation (beginning 
of the fourth stage) is the most important factor. This time, t4th stage, is the time needed for 
the droplet to reach its final size and the complete dry out of the droplet surface. As such, it 
is an important parameter to monitor in order to avoid corrosion of the heat exchanger 
surfaces and particle deposition. 
Applying dimensionless analysis, a proper combination of the parameters will make all the 
recorded data to collapse on a single line as shown in “Figure 94”. In this figure the start 
time of solid formation (beginning of the fourth stage) is plotted against the variable f. The 
data show that t4th stage is a linear function of f and can be expressed as follows:  
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(9) 
In this equation the initial radius, mass, and concentration in addition to the dry bulb and 
wet-bulb temperatures, gas conductivity, and the convection heat transfer coefficient are 
grouped. The heat transfer coefficient is a function of Nusselt, Prandtl, and Reynolds 
numbers which incorporates the influence of air velocity in the above correlation. Also, the 
influence of relative humidity is taken into consideration through the ൫T୥ െ T୵ୠ൯ term. 
 
 
Figure 94: Presented correlation to determine solid formation time 
 
In addition to the experimental and model results, additional experimental tests for 3% and 
10% initial concentrations and different temperatures were performed to show the generality 
of “equation (9)”  in “Figure 94”. The lowest measured t4th stage had 10% initial concentration, 
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2.25 m/s air velocity, and 83.5 oC air temperature. The initial radius of the droplet for this 
test is 520 μm. The experimental value of t4th stage is 49 s whilst the model predicts 44.9 s. 
 
 
Figure 95:  Fraction of the final radius to initial radius of the droplet (MATLAB results) 
“Figure 95”, demonstrates that “equation (9)” is a very reliable prediction of t4th stage especially 
for higher air temperatures, velocities, and initial concentrations. The R2 value for the 
correlation is 0.9684 and the maximum error is 6.26% which is related to 5% initial 
concentration, 35 oC, and 1.5 m/s air velocity. The experimental results show a better 
agreement with predicted values for smaller droplet sizes and lower wet-bulb temperatures 
(lower relative humidity). 
“Figure 95” shows the fraction of the final solid radius to the initial radius of the droplet. 
Due to higher volume of NaCl for 5% initial concentration, the final size of the solid particle 
is proportionally larger than that observed for 3%. As shown in this figure, the gas 
temperature affects the final size as the crystal in slower evaporation forms with more 
porosity. Therefore, the final size of the dried solid in 25 oC in larger than 35 oC, and they 
both are larger than 45 oC gas temperature for the same initial concentration. 
5. Conclusion 
A robust mathematical model was presented that can be applied for a wide range of initial 
and boundary conditions to predict the behaviour of evaporation of saline water droplets. 
This model was validated with a comprehensive set of experimental tests. These tests were 
performed for different air velocities, gas temperature and initial concentrations. Based on 
the experimental data and model a correlation, relating the time of crust formation to droplet 
and ambient conditions was created. Observations from the study are that replacing pure 
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water by saline water in cooling systems has two important effects: lower heat capacity of 
the cooling water, and shorter time with wet surface. The first effect can be compensated by 
using a larger volume of water whilst the second effect allows a decrease of the distance 
between the nozzle and heat exchanger. As the current work focuses on droplets in 
isolation, further work is needed to study the behaviour of droplets in spray cooling systems. 
Specifically the total displacement, corrosion levels and deposition of solid particles need to 
be investigated. 
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Abstract 
This work investigates the influence of laser power on an evaporating single droplet made 
from an H2O & NaCl mixture. Heat and mass transfer of a single droplet with the presence 
of a low-power laser source (as He-Ne laser) is studied both numerically and experimentally 
in this article. A new model is presented to simulate water droplet evaporation. The model is 
robust enough to be applied for various initial concentrations and conditions of the droplet, 
ambient conditions, and dissolved media properties. Moreover, laser energy is taken into 
consideration as a source term which is a function of the wave length of the source beam 
and refractive index of the droplet. Considering the involved parameters, the model is 
implemented in a MATLAB code and validated using experimental data obtained in this 
study on top of those already available in the literature. 
Experimental data were collected for droplets with an initial radius of 500μm at room 
temperature for three initial concentrations of 3%, 5%, and 10% (by mass) of NaCl in water 
as well as pure water droplet to provide a comprehensive validation dataset. It is shown that 
low-power laser source significantly increases the evaporation rate (2.7 to 5.64 for 0% and 
10% initial concentration of salt, respectively) which must be taken into consideration while 
using laser based measurement techniques. 
Keywords: Saline water; evaporation; laser source; single droplet; heat and mass transfer. 
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1. Introduction  
Laser based measurement techniques are widely used in the field of particle sizing, 
thermometry, and velocimetry.  
Standard rainbow thermometry (SRT) is a laser scattering method which is used to measure 
the refractive index (hence temperature) and diameter of a single transparent particle (M. R. 
Vetrano et al., 2005). As another example, glory is an interference phenomenon produced 
due to backscattering of laser light by water droplets (Ruiz et al., 2014). However, the 
absorption of laser energy also alters the evaporation process. This study aims to quantify 
and predict this effect. 
To simulate the evaporation process from a solid containing droplet, researchers have 
suggested two (Abuaf & Staub, 1985; Elperin & Krasovitov, 1995) and three-stage models 
(Dalmaz et al., 2007; Farid, 2003; Mezhericher et al., 2007; Nešić & Vodnik, 1991). In 
general, the evaporation of droplets can be described as follows (see Figure 96): 
5. The droplet is warmed/cooled to be close to ambient conditions, 
6. Evaporation takes place during an isothermal phase, 
7. First particles form at the bottom of the droplet (Charlesworth & Marshall, 1960) and 
grow to cover the upper part, 
8. The remaining water is then evaporated followed by complete drying. 
The slow formation of the crust is considered in the mathematical modelling by Sadafi et 
al.(Sadafi et al., 2014b). In their four-stage model they showed that the droplets shrink even 
after presence of solid particles on the surface which results in a better agreement with the 
experimental results compared to former models (Sadafi et al., 2014b).  
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Figure 96:  Stage of evaporation of a solid containing water droplet (Sadafi et al., 2014a) 
Handscomb and Kraft described a generalized model with different possible sub-models for 
evolution of the droplets following shell formation which includes slow boiling after dry shell 
formation (Handscomb et al., 2009).They demonstrated that morphology of droplet plays a 
key role in the droplet evolution after shell formation. Under certain circumstances, a further 
isothermal stage may exist after shell formation. 
Recent experimental studies on a single droplet have been performed using thin filaments 
to hold the droplet. Temperature measurements of the droplet were performed using two 
thermocouples in the experimental study by Qi Lin and Chen (Qi Lin & Chen, 2002). Those 
authors measured the diameter and weight of skim milk droplets to show that droplets could 
remain attached to the filament knobs even after the formation  of solid parts (Qi Lin & Chen, 
2002). Chew et al. used a heated glass filament which was also used as a thermocouple to 
measure the (high solid concentration milk) droplets temperature (Chew et al., 2013b). Using 
a microscope digital camera, Sadafi et al. monitored the droplet size at low air velocities to 
note that the droplets shrink after crust formation in slow evaporation under standard room 
conditions (Sadafi et al., 2014b). In a subsequent study, Sadafi et al. (M. H. Sadafi, I. Jahn, 
et al., 2015b) monitored the saline water droplet size at different ambient conditions using 
microscope digital camera. They showed that for 500 μm radius droplets with 3% and 5% 
initial NaCl mass concentrations the net energy required to evaporate the droplet falls by 
7.3% and 12.2%, respectively (compared to a pure water droplet). Also, compared to the 
time of evaporation of a pure water droplet, the period with wet surface is shorter as a result 
of crust formation around the saline water droplet. This allows a shorter distance between 
spray nozzles and heat exchangers (M. H. Sadafi, I. Jahn, et al., 2015b). 
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In this work, the effect of laser on the evaporation of a suspended droplet is investigated 
both numerically and experimentally. The output of this work helps researchers to determine 
the energy absorbed by a single droplet while using laser based measurement techniques. 
2. Mathematical Modelling 
The four-stage model developed by Sadafi et al. (Sadafi et al., 2014b; M. H. Sadafi, I. Jahn, 
et al., 2015b) was used in this study and is briefly described in this section. It should be 
mentioned that as this paper focuses on cooling tower conditions, the conditions above the 
boiling points and fracture of the porous shell due to pressure rise of the gas-vapour mixture 
are beyond the scope of the current study. However, increase of saturated pressure due to 
temperature rise is being taken into consideration. 
According to this model, during the first stage of evaporation, the temperature of a saline 
water droplet adjusts to approach the wet-bulb temperature. Evaporation in this stage is 
negligible compared to the later stages. Next, the second stage starts and the droplet size 
decreases. This stage is an approximately isothermal process with a nearly constant radius 
reduction and drying rate (Handscomb et al., 2009). As water evaporation continues, solid 
concentration rises to the critical concentration which, in turn, depends on the solid 
properties (27.47% by mass for NaCl in water (Bharmoria et al., 2012)). Once the critical 
concentration is reached, the third stage kicks off and solid crystals are formed in the lower 
part of the droplet. Then, they start to extend up to the droplet sides as the third stage 
progresses. Finally, the fourth stage starts once a solid crust forms around the entire droplet. 
This solid crust then grows in thickness until almost all the liquid is evaporated. This crust is 
assumed to be a porous medium allowing the diffusion of water vapour through its pores, 
behaving equivalent to Stefan tubes (Mezhericher et al., 2007). 
Figure 97 shows the formed pores on the main crystals. The average diameter of these pores 
is 1 μm. During the drying progress, the water mass fraction decreases and the water is 
replaced by air and vapour in the pores.  
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Figure 97: Close-up image of pores on NaCl crystal surface using scanning electron microscopy (SEM). 
Secondary NaCl crystals are created by vapour solidifying at pores (M. H. Sadafi, I. Jahn, & K. Hooman, 
2015). 
 
Assuming axisymmetric shape for the droplet, homogenous properties (in the temperature 
adjusting and isothermal evaporation stages), and neglecting directional forces (e.g. gravity) 
(Ranz & Marshall, 1952), the energy equation for the droplet is(Mezhericher et al., 2007): 
 
(1) 
 
where T is the temperature (of the droplet in the first and second stages or of the crust or 
wet-core during the fourth stage). The source terms due to laser energy (SL) determined as 
follows: 
 
	 (2) 
 
where SL,d and SL,N are the source terms due to the laser power absorbed by the droplet 
and Needle per volume of the droplet, respectively.  
From Beer-Lambert law the absorbed energy is given as (Ingle & Crouch, 1988): 
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Here,  is attenuation coefficient which is a function of salt concentration as well as the 
laser beam wave length. For NaCl solutions, the corresponding attenuation coefficient was 
measured experimentally as part of the current study. Based on these the source term for 
the model can be evaluated.  
In a case with a suspended droplet using a needle, considering a Gaussian profile for the 
laser beam, the hitting of laser beam to the droplet is shown in Figure 98. If the laser beam 
spot size is larger than the droplet size, a part of the laser hits the needle as well which is 
taken into consideration in this work. The source terms due to laser beam hitting the needle 
(SL,N) is:  
 
 (4) 
 
where  is the porosity of the needle which according to Kirchhoff’s law is equal to the 
coefficient of absorption (Chandrasekhar, 1960). 
 
 
  Figure 98: Hitting of laser beam to the droplet and the needle. 
By assuming the needle as an infinite fin the source terms due to conduction through the 
needle (SCon) is (Incropera, 2007): 
 
 (8) 
 
where . Eq. (5) is valid when: 
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After crust formation in the fourth stage, the solid crystal acts as an insulator between the 
needle and the wet-core. Therefore, the source terms of SCon and SL,N are neglected in this 
stage. Also, due to the same effect of the crust, the effect of laser power in the evaporation 
of the wet-core (SL,d) is neglected in the fourth stage. 
The following boundary conditions are applied for the first and second stage in Eq. (1): 
 
 (7) 
 
where rd is the droplet outer radius in the first and second stage. The following conditions 
apply for the fourth stage: 
 
 (8) 
 
where rinterface is the radius of the interface between the wet-core and the crust and rcr is the 
outer radius of the crust. The evaporating liquid diffuses through the pores to allow the 
evaporation. As the latent heat is dominant compared to sensible heat (only in isothermal 
evaporation stage and for the wet-core in the fourth stage), the energy balance equation 
applied to the first and second stages and the wet-core in the fourth stage can be simplified 
to (Mezhericher et al., 2007): 
 
 (9) 
 
where Ad in the fourth stage is the area of a sphere radius of which is equal to that of the 
crust (constant). Changes in the droplet radius in the first two stages and the wet-core radius 
in the fourth stage are determined by solving Eq. (10) (Mezhericher et al., 2007).  
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 (10) 
 
To calculate the wet-core radius in the fourth stage, the left hand side of Eq. (10) is multiplied 
by the porosity resulting in: 
 
	 (11) 
 
The vapour mass flow rate from the wet-core in the fourth stage is obtained using Eq. (12) 
as described in (Sadafi et al., 2014b): 
 
 (12)
 
where pv is the vapour pressure at the interface of the crust and the wet-core and Dv is 
vapour diffusion coefficient. Here, it is assumed that the vapour diffuses through a number 
of Stefan tubes. The argument in the logarithmic term shows the vapour mass concentration 
gradient through the pore. The multiplier is the density of the vapour times the vapour 
diffusion coefficient and the pore cross-sectional area. Besides, β is an empirical factor 
which depends on the structure of the crust. It should be mentioned that for simplification in 
calculation of mass flow rate in the fourth stage the steady state equation is used. 
To calculate the heat and mass transfer coefficients at the gas-liquid interface when gas is 
forced to flow over (and around) the droplet(during the first and second stages), the 
correlations from Ranz and Marshall (Ranz & Marshall, 1952) are used: 
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By adding a weighting factor “z” the equations of the evaporation and drying (second and 
fourth) stages are blended (M. H. Sadafi, I. Jahn, et al., 2015b).  
A Lagrangian formulation of the flow field is used to solve the governing equations for the 
first and second stages. A grid with 64 cells in the radial direction is implemented and a fixed 
time step of 0.1 sis used for the transient implicit solution. For the fourth stage, a uniform 
grid distribution with size of 4μm in the radial direction is implemented and an adaptive time 
step with initial value of 0.05s is used to obtain the transient implicit solution. Results 
obtained using shorter (half) time steps and spatially-refined grids are found to be within 1% 
of those obtained from the baseline. The obtained results from the model without source 
terms are validated in (Sadafi et al., 2014b; M. H. Sadafi, I. Jahn, et al., 2015b). 
3. Experimental Study 
3.1. Experimental Test Rig 
The experimental apparatus as well as the processing routines to optically measure droplet 
evaporation are presented in Figure 99. The test rig was installed on an optical table. A 35 
mW laser source with the wave length of 632.8 nm was used to produce the inlet energy 
source. The laser beam diameter was 1.23 mm. The laser beam reached the droplet after 
hitting a 90 degree mirror. The droplet was suspended using a syringe with the diameter of 
0.33 mm. A digital camera with a sensor of 1392 × 1024 pixels was used to monitor the size 
change of the droplet using shadowgraph method. The maximum uncertainty of the image 
processing was less than 3.5%. 
 
Figure 99: Test rig; low-power laser source, 90o mirror, lens, digital camera, and droplet. 
3.2. Attenuation Coefficient of the Solution 
To measure the attenuation coefficient of NaCl-water different solutions with a range of 
mass concentrations of salt were prepared. Then, the samples were exposed to a known 
laser beam.  
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Figure 100: Influence of NaCl concentration on the attenuation coefficient of the solution 
 
Throughout the experiment, the laser attenuation is measured using a detector placed 
behind the droplet. This allows a direct measurement of the attenuation coefficient and its 
variation as the droplet concentration and size evolves. The obtained results are shown in 
Figure 100. 
3.3. Experimental Results 
To investigate the influence of laser energy on the evaporation from an evaporating droplet, 
different NaCl concentrations of 0%, 3%, 5%, and 10% were tested in the room temperature. 
The corresponding results are shown in Figure 101 to Figure 104, respectively. 
 
Figure 101: Influence of laser power on evaporation rate of a pure water droplet at room temperature. 
Figure 101 shows the volume ratio of a single pure water droplet versus time using laser as 
well as laser free evaporation. As shown in this figure, in both cases the predicted values 
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and experimental results show a good agreement during the whole process. In the case of 
use of laser source, the experimental results show a considerable change in evaporation 
time compared to the laser free evaporation which is due to the absorbed external energy 
by the droplet. The evaporation time ratio for the pure water is 2.71. This ratio is defined as 
the evaporation time for a single droplet without laser divided by the evaporation time 
using a laser beam.  
 
Figure 102: Influence of laser power on evaporation rate of a 3% NaCl-water solution droplet at room 
temperature. 
Figure 102 shows the volume ration of the droplets with 3% initial concentrations. Sadafi et al. 
(M. H. Sadafi, I. Jahn, et al., 2015b) presented a criterion to distinguish between the different 
stages of evaporation based on experimental results using d2 law. Using this criterion and 
considering the experimental results without laser source, the beginning of the transient 
stage is at 805 s which is in a good agreement with the numerical value of 818 s. Also, the 
end of transient stage (start of drying stage) for experimental and theoretical results is 1950 
s and 1802 s, respectively.  
It is shown in Figure 102 that using saline water droplet increases the time ratio. Here, the 
initial concentration of the saline water is 3% by mass. As the initial NaCl concentration 
increases, the energy absorbed by the droplet rises and consequently the evaporation rate 
increases and the drying time is shortened. This change in the evaporation time is shown in 
Figure 103 and Figure 104. The reason for the increased energy absorbed by the droplet is the 
influence of NaCl concentration on the refractive index of the droplet which changes the 
attenuation coefficient of NaCl-water solutions ( in Eq. (3)).  
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Figure 103: Influence of laser power on evaporation rate of a 5% NaCl-water solution droplet at room 
temperature. 
According to Figure 101 to Figure 104 and Table 14, using laser power to study the evaporation 
of a single droplet results in a faster evaporation rate compared to laser free evaporation. 
This is because the evaporation rate in presence of laser beam highly depends on 
attenuation coefficient of NaCl-water solutions.  
 
Figure 104: Influence of laser power on evaporation rate of a 10% NaCl-water solution droplet at room 
temperature. 
For example in the case of the 3% droplet, the coefficient  increases from 1.28 m-1 to 8.02 
m-1 (at 0 s and 528 s, respectively), leading to an increase in absorbed energy from 5.57
10-5 W to 8.29 10-5 W. 
Table 14 compares the evaporation time ratio for pure water droplet, 3%, 5%, and 10% NaCl 
initial concentration. For saline water, this ratio is defined as the time of solid particles 
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formation (beginning of the third stage) for a single droplet without laser divided by this time 
using a laser beam. 
Table 14: Evaporation time ratio for different initial NaCl concentrations. 
Single droplet Initial radius (µm) Evaporation time ratio 
(-) 
Pure water 627.8 2.73 
3% initial concentration 494.5 2.8 
5% initial concentration 623.5 3.52 
10% initial concentration 516 5.64 
 
As the concentration rises by time, this coefficient increase which compensates the lower 
evaporation rate occurring after crust formation (stages three and four). Thus, there is a 
uniform evaporation rate while using laser power. 
4. Conclusions 
A robust model is presented to simulate the heat and mass transfer of a single droplet 
exposed to low-power laser source. Laser power is considered as a source term, which 
results in a significant increase in the evaporation rate. Experimental results obtained in this 
study, validate the described model. It is shown that as initial salt concentration increases, 
the evaporation rate rises (drying time decreases). This is due to increase in attenuation 
coefficient of NaCl-water solutions. Therefore, the energy absorbed while using low-power 
laser sources in a laser based optic measurement technique must be taken into 
consideration. The developed model allows a correction to be performed to account for the 
absorbed energy. 
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Contact of Droplets with Heat Exchanger Surfaces in Spray Assisted Dry Cooling 
Towers Using Saline Water – A Numerical Study 
 
M.H. Sadafi*, Ingo Jahn, Kamel Hooman 
School of Mechanical and Mining Engineering, The University of Queensland, QLD 4072, 
Australia 
 
Abstract  
This article investigates the usage of saline water in a spray assisted natural draft dry cooling 
tower. Due to existence of solid particles in the spray, different scenarios of droplet/heat 
exchanger contact occur. The different cases including the contact of the heat exchangers 
with the wet droplets, semi-dried droplet, and fully dried solid particles are numerically 
investigated. To simulate the crystallisation behaviour of saline water droplets, a set of 
modifications are made to the multicomponent discrete phase model (DPM) of ANSYS 
FLUENT. A practical spraying application with a single nozzle in a vertical flow path is 
studied. This paper provides new fundamental understanding in the area of saline spray 
cooling, and shows that although the use of saline water increases the risk of corrosion and 
deposition on the surfaces, considering the necessary parameters in the design can control 
these effects. 
Keywords: saline water; hybrid cooling; discrete phase model; multicomponent; heat and 
mass transfer; corrosion 
1. Introduction 
In a power plant cycle, cooling towers are used to exhaust heat to the ambient. 
Improvements of cooling towers’ performances leads to increase of total efficiency of a 
power plant. Considering an up to 50% reduction of power production on hot days in arid 
areas (Andrea Ashwood & Desikan Bharathan, 2011), production  recovery is necessary. 
To enhance the performance of a natural draft dry cooling tower, hybrid cooling methods 
show a promising effect. Among the two common methods including: water deluge and 
evaporative cooling, the later one is more efficient due to higher heat and mass transfer 
contact area. Moreover, hybrid cooling uses less water compared to water deluge. In 
evaporative cooling, water spray cools down the inlet air, which leads to drop of minimum 
temperature of the thermodynamic cycle and consequently, increase in total efficiency of 
power plant. 
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When considering evaporative cooling systems the pressure drop in the air stream is small 
and can be neglected (Chaker, 2006). The size of the droplets plays a key role in full 
evaporation. Wachtell (Wachtell, 1974) showed that the droplet with the size of 20 μm or 
less can provide full evaporation in his experimental study. Since working conditions are 
involved in the process, different researchers found different droplet sizes for complete 
evaporation (Branfield, 2003; Rubin, 1975). In the CFD analysis Alkhedhair et al. (Alkhedhair 
et al., 2013) on a single spray nozzle for different air conditions, 81% of the water content of 
the spray evaporates at 40 oC and 40% relative humidity.  
Nonetheless, hot areas are usually arid and thus, even spray cooling faces the obvious 
challenge of fresh water scarcity. In these cases, using saline water for spray assisted dry 
cooling towers not only show a great performance ("ANSYS FLUENT® ACADEMIC 
RESEARCH, RELEASE 16.1," 2015), but also leads to the fresh water resources 
preservation. The use of saline water can also lead to economical and environmental 
benefits. For example, after considering the capital and operational costs, Fabricio et al. 
showed that the using seawater as the cooling fluids reduces cooling utility costs by 49.69% 
(Nápoles-Rivera et al., 2013). 
Coal Seam Gas (CSG) water, as the rejected water produced during CSG production, is an 
example of saline water which is widely available in Australia (Kinnon et al., 2010). Kinnon 
et al. showed that NaCl is the main salt in the CSG water from coal-bed methane production 
in Bowen Basin in Queensland which constitutes about 84% (mass based) of the total 
dissolved salt (Kinnon et al., 2010). Due to the similarities between the physical properties 
of NaCl and the other dissolved salts, the CSG water may be considered equivalent to water 
containing NaCl (saline water). 
Sadafi et al. (Sadafi et al., 2014b) presented a new physical and theoretical model for the 
evaporation of single solid containing droplets. In their model, considering a warmer ambient 
gas, the process starts with an adjustment to the droplet temperature to match ambient 
conditions. Next, the evaporation in constant temperature takes place until the droplet 
reaches its critical concentration. Then crust formation is a gradual process and the droplets 
continue to shrink even after this stage. Finally, the droplet dries out. This model results in 
a better agreement with the experimental results compared to existing models (Sadafi et al., 
2014b). In a subsequent study, Sadafi et al. (M. H. Sadafi, I. Jahn, et al., 2015b) performed 
an experimental study in a wide range of initial and ambient conditions. The evaporation rate 
and size change of droplets for 500 μm radius droplets with 3% and 5% initial NaCl mass 
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concentrations were investigated. It was shown that for 3% and 5% droplets, the net energy 
required to evaporate the droplet falls by 7.3% and 12.2%, respectively (compared to a pure 
water droplet). Also, compared to the time of evaporation of a pure water droplet, the period 
with wet surface is shorter as a result of crust formation around the saline water droplet (M. 
H. Sadafi, I. Jahn, et al., 2015b). 
Sadafi et al. developed a CFD model to simulate a single cone spray using saline water 
("ANSYS FLUENT® Academic Research, Release 16.1," 2015) in a vertical cooling tower 
representative arrangement. By comparing the results obtained for 3% NaCl concentration 
(by mass) with pure water, they showed that using saline water shortens the length from the 
nozzle, covered by the wet stream. This is a noticeable benefit, as it allows designers to 
reduce the distance between the nozzle and the heat exchangers, thereby shortening 
cooling towers without loss of spray cooling efficiency. 
However, due to existence of metal surfaces, the corrosion of heat exchangers and 
deposition of salt are the issues. These drawbacks can be avoided by means of a number 
of engineering tools. For example, corrosion resistive materials can be used. Condamine 
power station in Australia uses CSG water to cool the condenser. Here corrosion is avoided 
by the use of a titanium condenser and fibreglass transmitting pipelines. Other approaches 
to inhibit corrosion include the use of various paints and surface treatments (Kronenberg & 
Lokiec, 2001; Ohwaki et al., 2014), controlling cooling water temperature (Kronenberg & 
Lokiec, 2001; R. Rao & Patel, 2011) and cathodic protection (Galiyano et al., 1993). 
This article investigates the problem from a design point of view and characterises the 
secure distance of the heat exchangers from the droplets. The droplets can be fully 
evaporated, partially evaporated, or wet-surfaced. By ensuring evaporation of the droplets 
is complete before they reach the heat exchanger surfaces, the reactiveness of the saline 
solution is reduced (Liu et al., 2012) and cooling is maximised. 
2. Theoretical Modelling 
To simulate the behaviour of the saline water in a spray assisted natural draft dry cooling 
tower, ANSYS FLUENT release 16.1 is used ("ANSYS FLUENT® Academic Research, 
Release 16.1," 2015). 
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2.1. Governing Equations 
An Eulerian - Lagrangian approach suggested by Nijdam et al. (Nijdam et al., 2006) is used. 
The standard k-ε model with the time-averaged Navier-Stokes equations is utilized in this 
model. The governing equations of the air flow are presented in (M.H. Sadafi et al., 2015). 
In the discrete phase, the trajectory of the droplets is determined by integrating the forces 
acting on the particle, which is written in a Lagrangian reference frame (ANSYS FLUENT 
Theory Guide, 2011): 
 
 (1) 
where Vd, t, ρd, ρg, and Fx1 are droplet velocity, time, droplet density, gas density, and an 
additional acceleration (force / unit droplet mass) term and FD is the drag per unit droplet 
mass, given by (ANSYS FLUENT Theory Guide, 2011): 
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      (2) 
 
Here, µ, D, and Re are dynamic viscosity, diameter, and Reynolds number, respectively. 
The drag coefficient, CD is calculated as: 
 
 (3) 
 
where a1, a2, and a3 are constants that apply to smooth spherical droplets (here, a1 = 1.222, 
a2= 29.1667, and a3= -3.8889). A comprehensive procedure to determine these constants 
is presented in (Morsi & Alexander, 1972). 
The momentum, heat and mass transfer between the droplets and ambient gas are 
explained in (M.H. Sadafi et al., 2015).After reaching the vaporization temperature, the 
following mass transfer equation is also applied to the droplets (ANSYS FLUENT Theory 
Guide, 2011): 
 
, (4) 
 
where N and hD are the molar flux of vapour and mass transfer coefficient, respectively. 
Also, ys and y∞ are molar concentration of the surface and the free stream, respectively. The 
resulting coupled heat transfer equation is: 
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 , (5) 
 
where md, cd, Td, and Ad are mass, heat capacity, temperature, and surface area of the 
droplet, respectively. Also, h is convection heat transfer coefficient, hfg is specific enthalpy 
of evaporation, and ୢ୫౦ୢ୲  is zero before the droplets heat up to reach the wet-bulb 
temperature. 
A first order upwind discretization is used for turbulent kinetic energy and dissipation rate, 
and second order upwind scheme is chosen for momentum and energy. Also, a SIMPLE 
algorithm with staggered grids is used for velocity and pressure couplings. 
2.2. Discrete Phase Model Boundary Conditions 
The To investigate the different scenarios of the contact of a droplet with a surface, the 
physical model of evaporation developed by Sadafi et al. (M. H. Sadafi, I. Jahn, et al., 2015a) 
is used. In their four-stage model, when a solid containing droplet is exposed to a warm 
ambient gas, its temperature rises to around wet-bulb temperature (first stage). In the 
second stage, the iso-thermal evaporation occurs which the droplet shrinks until it reaches 
the critical (saturated) concentration. Next, in the third stage, the solidification starts from 
the bottom of the droplet and grows from the side until a crust covers the droplet surface. 
Then, in the fourth stage, the evaporation continues from the shrinking wet-core. In this 
stage, vapour diffuses through the pores of the solid crust until the droplet dries out. 
Three different scenarios are considered regarding droplet-surface contact: 
1. The droplet is wet (before start of the third stage) 
2. The droplet is semi-wet (during the third stage) 
3. The droplet surface is dry (after start of the fourth stage). 
In the first scenario, the droplets are considered to “trapped” the surface (Figure 105-a). In 
this case, the droplet tracking is stoped as they are attached to the surface.  
 
 
Figure 105: Different scenarios of contact of droplets to the surface 
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In the second scenario, the droplets are “reflected” from the surface with an angle θ2. The 
relationship between θ1 and θ2 is defined using the coefficient of restitution. cr=V2n/V1n which 
varies between 0 and 1. Subscript n relates to the droplet velocity normal to the surface 
(Figure 105-b). In the third scenario, since the droplet surface is completely dried, they 
reflect from the surface. However, the third scenario differs the second one as the coefficient 
of restitution in the third scenario is set to 1 (Figure 105-c). The main focus of this research 
is to provide a characterised tool to prevent the contact of semi-wet and wet droplets with 
the heat exchanger surface and therefore, deposition of salt on the heat exchanger surfaces. 
Here, three possible cases are studied. 
2.3. Geometry of Simulation 
Considering a typical natural draft cooling tower, the air flows from the bottom of the tower. 
In a spray assisted dry cooling tower, the inlet air is cooled by the sprayed water (Figure 
106). 
 
Figure 106: Spray assisted natural draft cooling tower 
 
In a vertical cooling tower, the water is sprayed in an upward airflow, which then approaches 
the heat exchangers. To simulate a spray assisted natural draft dry cooling tower a simplified 
geometry with a single nozzle is considered in a 5 m diameter vertical cylinder which is 
limited to the heat exchanger surface at 8 m from the nozzle (Figure 107). This canonical 
geometry allows a computationally efficient analysis of the evaporation process and the 
formation of a dry stream.  
For practical applications, nozzle packaging in order to achieve an optimal water distribution 
must be considered. For example, Smrekar et al. showed that by improving the nozzle 
arrangement design can improve the efficiency by 5.5%  
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Figure 107: Geometry of the simulated system  
 
The gravity is included in the negative Z direction. The saline water droplets with 3% initial 
NaCl concentration (by mass) are introduced to FLUENT using the method explained in (M. 
Sadafi, I. Jahn, & K. Hooman, 2015). The initial droplet distribution generated by a cone 
nozzle with a half angle of 40o is kept uniform.  
A smooth structured mesh of 281280 elements is used. Using the grid convergence index 
(GCI) method explained by Roache (Roache, 1998) a spatial convergence examination is 
performed on the numerical grid. The GCI is defined as (Slater, 2006):  
 
ܩܥܫ ൌ ܨ௦|ߝ|ݎ௣ െ 1	
(10) 
 
where Fs is a safety factor which is recommended to be 3.0 for two grids comparison (Slater, 
2006). ߝ is the relative error of the solutions, r is the grid refinement ratio (r>1), and p is the 
order of convergence which is set to two. The grid refinement ratio was set to 1.33. To 
determine the GCI, the domain downstream is used because less stability was observed at 
this region due to droplet generation. Therefore, a 0.5 m cylinder with a length of 1 m was 
considered. The GCI for important variable in regard with the nature of the current problem 
are listed in Table 11 which show that the finer mesh size or decreasing the element number 
has negligible influence on the results.  
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Table 15: Grid Convergence Index (GCI) for important variables 
 
 
Variable (at 1 m) GCI (%)
Temperature of Centre Point 0.566
Gas Velocity in the Midpoint 2.083
Velocity of Droplet "1" 2.075
Mean Gas Temperature 0.155
Mass Fraction of H2O 0.012
Mass Fraction of H2O 0.001
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3. Numerical Results and Discussion 
The According to Australian Government, Bureau of Meteorology 
("http://www.bom.gov.au/," 2014), the air properties in a hot summer day in Miles, 
Queensland, corresponds to 40 oC and 44% relative humidity which is set as the inflow for 
the simulations. The initial NaCl concentration of the spraying water is 3% (by mass) and 
the upward air velocity is 1.5 m/s. The spray mass flow rate is 0.02 kg/s and the droplets are 
generated with 50 μm initial diameter. Figure 108 shows the temperature and relative 
humidity in the midline along the flow. The minimum temperature and maximum relative 
humidity occur around 1 m from the nozzle, however, as the distance from the nozzle 
increases the flow becomes more uniform across the duct cross-section.  
 
Figure 108: Temperature and relative humidity along the flow 
3.1. Contact of droplets with heat exchanger 
In this section, the heat exchanger surface is positioned at different distances from the 
nozzle and the possibility of each scenario explained earlier is determined. The maximum 
risk of corrosion and deposition appears in the first scenario which the droplets are still wet. 
Also, the semi-wet droplets (scenario 2) may be harmful for the metal surfaces. Therefore, 
the contact of the droplets with the heat exchanger surfaces in these scenarios (1 and 2) 
must be avoided. In other words, the safe scenario is the third one. Table 16 shows the 
possibility of different scenarios of droplet-heat exchanger contact.  
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Table 16: Possibilities of different scenarios of droplet-heat exchanger contact for case 1 
 
 
The values in this table show the number of droplet with the corresponding scenario divided 
by the total number of droplets. As shown Table 16, at 5.09 m from the nozzle in axial 
direction, 85.4% of the droplets are fully dried (scenario 3). However, still 14.5% of the 
droplets are semi-wet and thus, the minimum allowed length from the nozzle to position the 
heat exchangers should exceed this length. According to the numerical obtained from this 
research, the safe length is 5.094 m. 
To investigate influence of gas temperature on the presence of dry stream after the nozzle, 
two ambient gas temperatures of 30 oC and 50 oC are also simulated. As shown in Figure 
109, increase in gas temperature from 30 oC to 40 oC results in 0.53 m decrease in the start 
of the dry stream from 5.63 m to 5.09 m. Also, at 50 oC, the wet and semi-wet stream 
terminates at 4.66 m from the nozzle. 
 
Figure 109: Presence of the dry stream for 30 oC, 40 oC, and 50 oC gas temperature 
4. Conclusion 
An issue regarding usage of saline water in a spray assisted natural draft dry cooling tower 
was numerically investigated. Although saline water is a valuable alternative for pure water 
in cooling purposes, existence of solid particles may lead to corrosion of metal parts. 
Length (m) Scenario 1 (%) Scenario 2 (%) Scenario 3 (%)
2.34 100 0 0
2.89 100 0 0
3.44 47.06 52.94 0
3.99 0 100 0
4.54 0 100 0
5.09 0 14.53 85.47
5.64 0 0 100
6.19 0 0 100
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Therefore, a novel model was developed in ANSYS FLUENT and a single cone nozzle was 
simulated in a practical cooling tower representative conditions. Using the physical concept 
of evaporation of a solid containing droplet, three scenarios of contact of the droplets with 
the surfaces were defined. Then the possibility of each scenario at different distances from 
the nozzle was determined. It was shown that at 40 oC, a fully dry stream forms at 5.09 m 
from the nozzle which allows the designers to install the heat exchangers with the minimum 
risk droplet-heat exchanger contact. Moreover, the influence of gas temperature on the 
presence of dry stream after the nozzle was investigated. 
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